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SECTION  I 


INTRODUCTION 


The  work  covered  in  this  report  is  an  attempt  to  improve  upon 
a method  of  calculating  lightning  induced  voltages  that  was  re- 
ported in  an  earlier  work  (Reference  1.1).  That  earlier  work  dis- 
cussed how  the  voltages  upon  an  electrical  circuit  within  an  air- 
craft are  related  to  the  magnetic  field  produced  within  the  air- 
craft as  a result  of  lightning  current  passing  through  the  aircraft. 
Basically,  there  are  two  ways  that  magnetic  fields  are  produced 
within  an  aircraft  as  a result  of  lightning  current:  (1)  by  coup- 
ling through  apertures  and  (2)  by  coupling  through  the  walls  of 
metal  skin  that  form  the  structure  of  the  aircraft.  This  latter 
type  of  coupling  is  called  diffusion  coupling . In  that  earlier 
work,  the  aircraft  was  modeled  as  a group  of  filaments,  the  fila- 
ments making  up  an  outline  of  the  aircraft.  Given  a total  light- 
ning current  entering  the  aircraft,  the  manner  in  which  the  cur- 
rent divided  among  the  various  filaments  was  calculated  and  the 
total  magnetic  field  produced  by  those  currents  was  calculated; 
then  the  voltage  upon  a conductor  exposed  to  that  field  was  cal- 
culated. 

At  the  time  that  work  was  undertaken  the  phenomenon  of  dif- 
fusion coupling  of  magnetic  fields  was  imperfectly  understood; 
consequently,  some  of  the  concepts  upon  which  the  work  was  based 
were  incorrect.  As  a result,  the  waveshapes  of  voltages  predicted 
to  be  produced  by  the  calculated  magnetic  field  were  incorrect. 
However,  during  the  period  the  work  was  being  performed,  other 
studies  were  improving  our  understanding  of  how  voltages  were  de- 
veloped by  the  internal  magnetic  fields.  The  first  set  of  studies 
was  undertaken  by  Burrows  (Reference  1.2);  a second  set,  of  shorter 
duration,  was  under  undertaken  by  Fisher  (Reference  1.3).  These 
latter  studies  were  particularly  effective  in  clarifying  the  me- 
chanism of  diffusion  coupling. 

On  the  basis  of  the  earlier  work  together  with  the  studies 
of  the  diffusion  mechanism,  it  seemed  worthwhile  to  try  to  improve 
upon  the  earlier  computer  routines  for  calculating  lightning-in- 
duced voltages.  In  addition  to  incorporating  new  routines  to  take 
into  account  better  the  diffusion  mechanism,  it  appeared  worth- 
while to  add  additional  objectives  to  the  program.  Individually 
those  additional  objectives  were  worthy,  but  their  accumulation 
made  the  programming  highly  complex,  and  ultimately  impractical. 

A critical  reappraisal  of  the  goals  focused  attention  on  a more 
realistic  scope,  which  could  be  brought  to  a valid  conclusion. 

Also,  a change  in  the  principal  investigator  (during  this  reap- 
praisal process)  provided  a different  perspective — one  that  called 
upon  previous  successful  experience  in  related  fields. 

The  central  task  that  was  undertaken  was  to  develop  a light- 
ning computer  program  with  which  the  average  engineer  familiar 


with  lightning,  or  the  electrical  effects  produced  by  lightning, 
could  do  the  following: 

1)  Describe  an  aircraft  to  the  computer 

2)  Describe  the  wires  within  that  aircraft 

3)  Describe  the  structural  members  and  electrical  aper- 
tures on  the  aircraft  and  then  direct  the  computer 

to  calculate  the  voltages  upon  those  circuits,  prefer- 
ably in  a manner  that  was  directly  compatible  with 
other  computer  programs  used  to  treat  other  electro- 
magnetic compatibility  (EMC)  problems. 

Indeed,  the  ultimate  desire  had  been  to  have  the  Lightning  Com- 
puter Program  be  made  into  a subroutine  of  an  EMC  program  such 
as  IEMCAP.  This  was  a worthy  goal,  but,  with  hindsight,  it  ap- 
pears to  have  been  too  ambitious  a project  for  resources  allo- 
cated to  the  contract. 

Recognizing  that  the  program  undertaken  could  not  result  in 
a complete  computer  analysis  of  lightning  interactions,  the  re- 
searchers focused  on  achieving  as  many  useful  results  from  the 
study  as  possible.  Their  aim  was  to  provide  those  working  in  the 
field  of  lightning  interactions  both  guidance  and  tools  for  un- 
dertaking calculations  of  lightning  interactions.  This  report, 
in  summarizing  the  work  accomplished,  presents  a program  that 
combines  several  computer  routines  with  human  intervention  at  the 
intermediate  steps  in  the  calculation  of  lightning  interactions 
with  aircraft  electrical  circuits. 

This  report  also  discusses  the  author's  viewpoints  on  how 
lightning  compatibility  might  be  achieved  and  on  what  direction 
research  into  the  nature  of  lightning  and  lightning  interactions 
should  take  in  order  to  achieve  that  compatibility. 

In  summarized  form,  the  conclusions  are  that  lightning  com- 
patibility will  be  achieved  through  wider  dissemination  of  recom- 
mended practices,  different  specifications  placed  upon  manufac- 
turers of  electronic  equipment  for  aircraft,  and  better  test  pro- 
cedures to  verify  that  the  aims  of  those  specifications  are  achieved. 
Those  practices,  specifications,  and  tests  should  be  drawn  up  by 
people  with  considerable  experience  in  lightning  phenomena  and 
lightning  interactions.  Lightning  compatibility  is  not  likely 
to  be  achieved  through  analyses,  however  sophisticated  or  however 
well  supported  by  computer  routines  they  may  be,  unless  the  rou- 
tines and  results  of  computer  programs  follow  a path  anchored  in 
reality  and  incorporate  the  experience  of  engineers  well-versed 
in  the  field  of  lightning  interactions. 
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SECTION  II 


ASSESSMENT  OF  THE  ART  OF  CALCULATING  LIGHTNING  INTERACTIONS 


2.1  PURPOSE  OF  THIS  SECTION 

In  this  section,  an  assessment  is  given  of  the  present  state 
of  the  art  of  determining  how  electronic  equipment  in  aircraft 
responds  to  the  electromagnetic  effects  produced  by  lightning  and 
of  ways  to  assure  that  electronic  equipment  continues  to  work  in 
the  presence  of  lightning.  This  assessment  will  be  concerned 
largely  with  the  approaches  taken  toward  analysis  in  this  program 
and  with  the  directions  it  might  have  taken. 

The  dividing  lines  between  assessment,  conclusion,  and  recom- 
mendations are  seldom  clear.  By  its  very  nature,  an  assessment 
is  a subjective  process,  subject  to  acceptance  or  criticism  by 
others.  In  this  section,  the  author's  views  are  more  directly 
stated  than  in  the  sections  treating  computations  or  physical 
facts.  This  subjective  assessment  is  offered  in  a constructive 
spirit;  whenever  appropriate,  other  views  of  the  subject  are  also 
mentioned. 

2.2  APPROACHES  TO  LIGHTNING  COMPATIBILITY 

2.2.1  Discussion  of  Approaches  in  General 

Broadly  speaking,  there  seem  to  be  three  approaches  to  achiev- 
ing compatibility  between  electronic  systems  in  aircraft  and  the 
electromagnetic  fields  produced  by  lightning.  They  are: 

1.  Understanding  phenomena  through  analysis 

2.  Understanding  phenomena  through  experimentation 

3.  Forcing  compatibility  through  standards  and  recommended 
practices 

We  will  discuss  further  these  approaches  later  in  the  sec- 
tion. This  particular  report  is  concerned  with  understanding 
phenomena  by  analysis.  This  analytical  approach  may  not  turn  out 
to  be  the  best  method  to  achieve  lightning  transient  compatibil- 
ity, but  it  was  explored  in  order  to  define  its  possibilities  and 
limitations. 

A line  of  demarcation  exists  between  those  who  feel  that 
lightning  analyses  are  fundamentally  simple  and  can  be  undertaken 
by  the  working  engineer  or  other  nonspecialists,  and  those  who 
feel  that  lightning  interactions  are  complex  and  so  feel  that 
specialists  in  the  field  will  be  able  to  provide  the  only  satis- 
factory leadership.  This  study  was  undertaken  on  the  premise  that 
interactions  in  an  aircraft  system  were  sufficiently  simple  to 
allow  development  of  a lightning  transient  analysis  program  and 
eventually  have  that  program  used  by  nonspecialists.  Although 
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this  author  had  some  misgivings  on  the  validity  of  the  premise, 
the  effort  was  directed  initially  toward  that  goal.  In  this  re- 
spect a quotation  (Reference  2.1)  from  Dr.  Carl  Baum  of  the  Air 
Force  Weapons  Laboratory  ( AFWL)  seem  appropriate.  For  the  words 
"EMP"  one  can  equally  well  substitute  the  word  "lightning.” 

EMP  is  a formidable  problem  in  two  ways.  First,  a sys- 
tem, such  as  a ballistic  missile , a communications  terminal , 
an  aircraft,  a satellite,  a ship,  etc.,  is  generally  an  elec- 
tromagnetic mess.  The  electromagnetic  existence  and  unique- 
ness theorem , proper ly  utilized , guarantees  that  there  is 
a unique  solution  to  a given  complicated  distribution  of  con- 
ductors, dielectrics,  and  magnetic  materials  in  space  (in- 
cluding even  nonlinear  and  active  devices , within  restric- 
tions) excited  by  a distribution  of  sources  consistent  with 
Maxwell's  equations.  However,  existence  and  uniqueness  do 
not,  in  general , tell  one  how  to  calculate  the  voltage  here 
or  current  there  in  some  complicated  problem. 

A general  approach  to  solving  complicated  geometries  is 
to  formulate  an  integral  equation  (say,  involving  both  elec- 
tric and  magnetic  current  densities)  and  having  the  " compu- 
ter* solve  the  problem  in  some  way.  This  is  an  appealing 
idea  but  somewhat  naive.  It  is  practical  to  solve  pieces 
of  the  EMP  interaction  problem  this  way  (such  as  for  simpli- 
fied external  shapes  of  the  system  of  concern),  but  gridding 
up  an  entire  system,  including  pieces  of  the  external  skin, 
zones  on  apertures,  every  wire  and  cable  shield,  etc.,  is 
a formidable  problem  indeed  for  the  largest  computers  exist- 
ing or  seriously  comtemplated . 

Even  if  one  could  do  a moment  method  of  gridding  of  the 
entire  system,  it  is  not  clear  that  it  would  be  the  best 
thing  to  do.  Questions  of  accuracy  become  extremely  diffi- 
cult. The  variation  of  the  response  to  various  parameters 
of  the  problem  becomes  much  more  complicated  because  of  the 
very  large  number  of  parameters  involved . A more  clever  ap- 
proach is  called  for  so  that  at  least  approximately  the  ra- 
tional processes  of  human  minds  can  comprehend  what  the  im- 
portant features  are,  how  they  depend  on  the  important  vari- 
able, and  what  can  be  done  to  correct  the  situation  if  re- 
quired. Computer  techniques  are  an  invaluable  aid  in  under- 
standing EMP  interaction,  and  such  techniques  will  need  to 
be  refined  and  extended.  However , by  themselves  such  tech- 
niques are  not  adequate.  I [ Carl  Baum\  suppose  that  at  some 
point  there  may  be  some  blurring  between  analyt ical  computer 
techniques  (some  of  which  may  be  already  beginning),  but 
this  is  likely  a healthy  thing  which  can  lead  to  yet  further 
progress . 

One  of  Baum's  comments  in  the  first  of  the  previous  extracts 
needs  to  be  emphasized — real  systems  "are  a mess,"  at  least  from 
the  point  of  view  of  electromagnetic  interaction  problems.  They 
always  were  a mess,  probably  always  will  be  a mess,  and  it  is 


6 


unrealistic  and  wasteful  not  to  recognize  it.  This  leads  to  a 
dilemma — what  to  do  about  it.  There  are  two  ways  to  go  (perhaps 
more  than  two)  and  each  of  them  has  advantages  and  disadvantages. 

The  first  path  involves  giving  up  on  the  attempt  to  calcu- 
late the  voltages  or  currents  to  which  electronic  equipment  in 
aircraft  would  be  subjected  in  the  event  of  a lightning  flash 
and,  rather,  defining  construction  practices  appropriate  to  dif- 
ferent zones  in  the  aircraft.  A start  on  such  a formulation  of 
electromagnetic  zones  has  been  made  (Reference  2.2)  in  the  Space 
Shuttle  Lightning  Protection  Cr iter ia  Document.  Coupled  with 
those  definitions  of  zones  would  be  better  standards  relating  to 
what  transient  voltages  and  currents  electronic  equipment  should 
be  required  to  withstand.  Reduced  to  its  simplest  form,  this 
implies  that  the  way  to  solve  lightning  interaction  problems  is 
for  the  working  circuit  designer  or  engineer  to  follow  the  prac- 
tices that  have  been  laid  down  for  him  by  experts  in  the  field. 

The  concept  of  electromagnetic  field  zones  for  aircraft  has 
not  yet  been  applied  on  programs  other  than  the  Space  Shuttle . 

Baum,  in  his  note  at  the  FULMEN  Meeting,  presents  an  approach 
to  looking  at  interaction  problems  that  seems  to  parallel  in  some 
ways  the  concept  of  electromagnetic  field  zones  with  wiring  and 
circuit  practices  graded  for  those  zones.  The  concept  is  called 
Topolog ical  Shielding . Wiring  and  equipment  practices,  and  engi- 
neering analysis  or  concern  would  be  graded  according  to  the  shield- 
ing order  involved  (Figure  2.1).  The  shielding  order,  even  though 
expressed  numerically  in  values  ranging  from  zero,  for  systems 
with  little  or  no  shielding,  to  high  values,  for  systems  with  lots 
of  shielding,  is  a philosophical  concept.  No  one  should  confuse 
it  with  the  concept  of  shielding  effectiveness  used  to  describe 
materials,  structures,  or  cables. 

The  second  way  is  to  attempt  to  calculate  the  voltages,  cur- 
rents, and  power  levels  on  electrical  circuits,  in  spite  of  the 
difficulties  presented  by  problem  formulation  and  electromagnetic 
complexity,  on  the  principle  that  the  induced  voltages  calculated 
are  valuable  for  comparison  and  design  purposes  even  if  the  actual 
magnitudes  obtained  are  not  always  correct.  This  latter  approach 
is  the  one  that  was  taken  in  this  contract. 

A problem  that  one  has  with  numerical  answers  to  a complex 
or  poorly  formulated  problem  is  to  ensure  that  people  do  not  read 
excessive  precision  into  numerical  results.  Group  A making  a 
series  of  calculations  may  have  an  understanding  of  the  assump- 
tions used  in  the  calculations  and  whether  the  results  of  the  cal- 
culations are  satisfactory  or  not,  but  their  task  has  been  only 
partially  fulfilled  if  they  do  not  communicate  those  assumptions 
and  assessments  of  errors  to  Group  B,  the  group  making  use  of  or 
expanding  upon  these  numerical  results. 
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Distributed 

External  or  penetration  Discrete  penetration 

macroscopic  (shielding)  (antennas,  apertures,  other) 


of  shielding  Second  layer  layers 

(often  external  of  shielding 

skin)  (often  cable  Shield  penetrations  can 

shields)  be  multilayered  with 

layers  correlated  to 
system  shield  layers. 

Figure  2.1  Topological  Shielding 
2.2.2  Approach  Used  in  This  Study 

The  approach  to  analysis  used  in  this  study  is  based  on  the 
following  basic  steps: 

1.  Determine  the  magnitudes  of  the  electric  and  magnetic 
fields  on  the  exterior  of  the  aircraft. 

2.  Determine  the  magnitudes  and  governing  time  constants 
that  define  the  magnetic  fields  penetrating  the  con- 
ducting skin  (diffusion  f ields) . 

3.  Determine  the  magnitudes  of  the  electric  and  magnetic 
fields  that  penetrate  apertures  (aperture  fields) . 

4.  Determine  how  these  fields  interact  with  the  aircraft 
wiring. 
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Some  additional  tasks  are  sometimes  necessary,  but  these  are 
appendages  to  the  tasks  outlined  above. 

These  appendages  include  being  able — 

1.  To  define  the  waveshape  of  the  lightning  current  in 
a variety  of  ways. 

2.  To  convert  time  domain  data  to  frequency  domain  data 
or  vice  versa  through  use  of  the  direct  and  reverse 
Fourier  transforms. 

3.  To  convert  step  function  response  into  the  response 
to  arbitrary  waveshapes  through  use  of  the  convolu- 
tion integral. 

4.  To  chain  programs  together  with  a minimum  amount  of 
human  intervention. 

The  last  point  deserves  special  consideration  because  it 
touches  a central  theme  of  much  computer  work.  This  work  was 
undertaken  with  the  expectation  that  it  would  be  possible  to  gen- 
erate a computer  program  with  which  the  nonspecialist  could  de- 
scribe an  aircraft  by  a limited  number  of  data  points  and  from 
which  "the  computer"  would  be  able  to  determine  the  internal  elec- 
tromagnetic fields  and  the  voltages  upon  conductors,  all  with  a 
bare  minimum  of  human  intervention.  Our  present  understanding 
of  the  physics  of  the  lightning  interaction  problem  is  too  limited 
to  allow  us  to  write  such  a lightning  interaction  computer  program 
even  if  we  were  sophisticated  enough  to  do  all  the  computer  book- 
keeping required  to  write  and  validate  such  a program.  Attempts 
to  force-fit  complex  physical  phenomena  into  an  overly  simplified 
form  that  fits  our  available  computer  skills  and  practical  soft- 
ware capabilities  seems  likely  to  generate  only  invalid  numbers. 
Speed  of  computation  is  desirable,  as  is  ease  of  data  input  and 
output,  and  reduction  of  data  transcription  and  key  punch  opera- 
tions, but  unless  the  end  result  is  numbers  that  have  physical 
significance,  the  task  is  all  for  naught. 

Given  the  premise  that  we  wished  to  attempt  to  calculate 
voltages  and  currents,  there  are  no  alternatives  to  the  task  of 
mapping  the  internal  electromagnetic  fields  and  making  (or  at 
least  attempting  to  make)  calculations  of  voltages  and  currents 
from  those  fields.  Two  factors  provide  us  with  some  relief  in 
that  task.  The  problem  of  calculating  voltages  or  currents  on 
conductors  from  knowledge  of  the  electromagnetic  fields  is  harder 
at  higher  frequencies,  where  the  cavity  resonances  and  conductor 
resonances  are  important.  These  resonances  would  seem  most  im- 
portant in  the  EMP  frequency  spectrum.  They  may  (and  the  stress 
on  the  word  "may"  is  deliberate)  be  less  important  for  lightning. 
The  second  is  that  even  if  the  numerical  complexity  of  calculat- 
ing electromagnetic  field  distributions  inside  an  aircraft  were 
to  be  so  difficult  that  the  task  could  not  be  carried  to  success- 
ful completion,  it  is  still  possible  to  measure  these  electromag- 
netic fields,  at  least  during  tests  using  simulations  of  lightning. 
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In  the  past,  the  electromagnetic  field  problem  has  been 
treated  as  having  two  major  aspects,  the  problems  of  electromag- 
netic penetration  by  diffusion  through  materials  and  the  problem 
of  electromagnetic  penetration  through  apertures.  In  Figure  2.1, 
from  Baum,  these  are  referred  to  as  distr ibuted  penetration  and 
discrete  penetration . Baum's  discrete  penetration  includes  the 
effects  of  antennas  and  elements  exposed  to  the  exterior  of  the 
aircraft,  as  well  as  coupling  through  apertures.  These  latter 
have  not  been  dealt  with  in  analyses  such  as  those  for  the  Shut- 
tle . The  concept  of  dividing  the  problem  into  diffusion  and  ap- 
erture coupling  modes  still  seems  to  be  the  best  way  to  go.  In 
particular,  this  holds  true  when  one  considers  the  effects  of 
composite  structural  materials — with  their  inherently  poor  shield- 
ing capabilities--on  the  design  of  the  aircraft.  Diffusion  effects, 
while  frequently  overshadowed  by  aperture  effects  in  metal  air- 
craft, should  be  much  more  important  in  aircraft  employing  large 
amounts  of  composite  materials.  The  concepts  that  have  been  de- 
veloped lately  to  treat  the  electromagnetic  field  mapping  of  metal 
aircraft  seem  to  offer  a powerful  tool  for  the  analysis  of  the 
effects  of  composite  structures. 

2.2.3  Understanding  Phenomena  Through  Experimentation 

Analysis  is  only  one  of  the  ways  that  one  can  determine  the 
voltages  and  currents  to  which  a piece  of  electronic  equipment 
might  be  subjected.  Experimentation  in  which  an  aircraft  is  sub- 
jected to  currents  or  voltages  representative  of  those  produced 
by  lightning  is  another,  and,  for  a specific  aircraft,  probably 
more  useful.  One  variant  of  the  experimental  philosophy  is  em- 
bodied in  the  Lightning  Transient  Analysis  (LTA)  (References  2.3 
and  2.4)  technique  in  which  the  response  of  aircraft  circuits  is 
measured  when  the  aircraft  is  subjected  to  relatively  low-level 
currents  and  voltages  of  the  same  shape  as  those  postulated  to 
be  produced  by  lightning.  Measurements  made  at  low  levels  are 
then  extrapolated  to  predict  what  would  be  produced  by  the  postu- 
lated worst  case  lightning  threat. 

The  LTA  technique  has  been  criticized  on  numerous  grounds, 
usually  because  of  the  necessary  assumption  about  linear  response. 
Measurements  with  some  sort  of  LTA  technique,  however,  seem  to  be 
the  only  way  of  validating  any  sort  of  analytical  approach  to  de- 
termine voltages  and  currents. 

2.2.4  Zonal  Approach  for  Internal  Induced  Electromagnetic  Effects 

Calculating  the  voltages  and  currents  on  an  actual  circuit 
can  be  a formidable  task,  even  if  one  assumes  that  it  is  possible 
to  separate  out  one  circuit  from  the  interactions  that  it  will 
inevitably  have  with  other  circuits.  Calculating  the  electromag- 
netic fields  to  be  found  within  different  portions  of  an  aircraft 
is  also  a formidable  job,  but  not  as  formidable  as  calculating 
voltages  and  currents. 
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A possible  solution  to  the  problem  lies  in  recognizing  that 
aircraft,  or  at  least  aircraft  within  a particular  category,  tend 
to  possess  characteristic  zones.  On  a fighter  aircraft,  for  ex- 
ample, the  cockpit  can  be  regarded  as  a magnetically  open  zone 
exposed  primarily  to  aperture-coupled  magnetic  fields.  Within 
reasonable  limits,  all  fighter  aircraft  have  approximately  the 
same  magnetic  field  in  the  cockpit.  Another  type  of  equipment 
zone  characteristic  of  fighters  would  be  equipment  bays  located 
in  the  forward  section  and  behind  the  radome.  All  such  equipment 
bays  tend  to  be  alike,  the  differences  relating  mostly  to  the 
type  of  fasteners  used  to  hold  the  covers  in  place.  The  struc- 
ture within  a wing  is  a type  of  magnetic  field  structure  funda- 
mentally different  from  either  the  cockpit  or  the  forward  equip- 
ment bays.  Accordingly,  it  would  seem  possible  to  divide  an  air- 
craft into  a small  number  of  typical  zones,  to  assign  a ruling 
or  characteristic  magnetic  field  intensity  to  those  zones,  and 
to  provide  simplified  tables  of  nomograms  listing  the  character- 
istic transient  to  be  induced  in  wiring  of  a given  length. 

This  concept  of  dividing  an  aircraft  into  shielding  zones 
was  first  used  on  the  Space  Shuttle  (Reference  2.5).  The  zones 
so  defined  are  shown  in  Figure  2.2  (Reference  2.6)  . The  electro- 
magnetic fields  assigned  to  each  of  these  zones  were  initially 
determined  by  engineering  judgment.  They  were  then  refined  dur- 
ing the  course  of  an  extensive  analytical  investigation.  The 
magnetic  field  amplitudes  assigned  to  each  of  these  zones,  based 
on  the  analytical  study,  are  given  in  Table  2.1  (Reference  2.7). 
These  fields  were  divided  into  two  components — an  A-component, 
referring  to  the  fields  coupled  through  apertures,  and  a B-compo- 
nent,  referring  to  fields  coupled  by  diffusion  through  metal  sur- 
faces. The  A-component  of  the  field  would  tend  to  have  the  same 
rapidly  changing  waveshape  as  the  external  magnetic  field,  while 
the  B-component  would  have  a much  slower  waveshape.  In  the  Space 
Shuttle  study  the  waveforms  of  the  different  components  were  taken 
to  be  as  shown  on  Figure  2.3  (Reference  2.8).  In  each  case  the 
field  intensity  was  based  on  a worst  case  200  kA  lightning  current 
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SHUT  in  ZONES 

I PLIGHT  Of  CK  6 PAYLOAD  BAY 

1 CENTER  EQUIPMENT  BAY  7 APT  EQUIPMENT  BAY 

3 LOWEB  EQUIPMENT  BAY  0 ENGINE  COMPARTMI  NT 

4 PORWARO  TOP  9 VERTICAL  STABILIZER 

5 PORWARO  CENTER  10  WING 

Figure  2.2  Shielded  Zones  Within  the  Orbiter  Structure 
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TABLE  2.1 


MAGNETIC  FIELDS  IN  DIFFERENT  ZONES 
OF  THE  SPACE  SHUTTLE 


Zone 

Aperture  Fields 
A-component  (A/m) 

Diffusion  Fields 
B-component  (A/m) 

1 

1200 

800 

2 

60 

200 

3 

0 

200 

4 

50 

150 

5 

50 

100 

6 

280 

300* 

150** 

7 

50 

570 

8 

200 

680 

9 

200 

3700 

10 

65 

300 

♦Payload 
**No  payload 


Figure  2.3  Waveforms  of  Aperture-  and  Diffusion-Coupled 
Magnetic  Fields  (a)  Lightning  Current 

( b)  Aperture-Coupled  Field,  A-component 

(c)  Diffusion-Coupled  Field,  B-component 
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passing  through  the  Orbiter  vehicle.  The  field  amplitudes  of 
Table  1 were  the  maximum  amplitudes  calculated  for  any  of  the  pos- 
sible lightning  current  entry  or  exit  points.  While  no  particu- 
lar claim  for  accuracy  can  be  made  about  any  individual  point  with- 
in the  Orbiter , the  aperture  field  amplitudes  seem  resonable. 

The  concept  of  dividing  an  aircraft  structure  into  different 
magnetic  field  zones  and  assigning  a ruling  magnetic  field  strength 
to  each  zone,  while  imperfectly  formulated  at  present,  is  funda- 
mentally no  different  from  the  civil  engineering  practice  of  de- 
signing a structure  to  withstand  a standard  (generally  worst  case) 
wind  loading.  While  the  wind  loading  may  differ  widely  at  dif- 
ferent points  on  the  structure,  the  task  of  calculating  the  wind 
loading  on  each  and  every  structural  member  would  probably  be 
sufficiently  expensive  that  it  would  offset  the  savings  that  one 
might  realize  by  tailoring  each  structural  member  to  its  own  spe- 
cific wind  loading. 


The  task  of  dividing  aircraft  into  typical  magnetic  field 
zones  and  of  calculating  and  assigning  the  appropriate  field 
strength  to  each  of  the  zones  is  probably  of  sufficient  complex- 
ity that  it  should  be  done  by  specialists  in  the  field.  It  should 
be  done  only  once,  and  then  the  results  communicated  to  all  those 
performing  analyses  on  that  particular  aircraft  without  unneces- 
sary repetition  of  that  first  step  in  dealing  with  the  problem. 


Analytical  studies  of  field  intensity  could  well  be  supple- 
mented by  experimental  studies  in  which  currents  were  circulated 
through  an  aircraft  and  the  magnetic  fields  inside  measured. 


It  may  also  be  that  the  most  straightforward  method  of  achiev- 
ing lightning  transient  compatibility  is  by  straightforward  speci- 
fication of  the  levels  of  voltage  and  current  that  any  piece  of 
electronic  equipment  should  be  expected  to  withstand.  An  approach 
to  the  setting  of  such  levels  was  first  presented  to  the  industry 
through  the  concept  of  Transient  Control  Levels  (TCL)  (References 
2.9,  2.10,  and  2.11) . 


Transient  coordination  is  a concept  which,  when  reduced  to 
its  simplest  terms,'  implies  that  targets  relative  to  transients 
will  be  assigned  both  to  those  that  design  electronic  equipment 
("black  boxes")  and  those  that  design  wiring  to  interconnect  those 
black  boxes.  The  task  that  is  to  be  assigned  the  designers  of 
black  boxes  is  to  produce  equipment  which  will  be  able  to  with- 
stand transients  on  all  of  the  input  and  output  wiring.  The  tar- 
gets that  form  a part  of  the  task  will  be  specifications  describ- 
ing the  type  of  transients  that  the  equipment  must  withstand  and 
to  which  it  will  be  subjected  as  part  of  an  acceptance  or  proof 
test.  The  task  that  is  to  be  assigned  to  the  groups  designing 
interconnecting  wiring  is  that  no  external  threat,  such  as  light- 
ning or  switching  of  inductive  devices,  shall  produce  on  the  wiring 
transients  larger  than  those  which  the  black  box  was  designed  to 
withstand.  The  target  numbers  to  which  the  wiring  designer  must 
work  will  be  maximum  amplitudes  of  current,  voltage,  and  surge 
energy. 
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The  assignment  of  such  tasks  implies  that  there  must  be  a 
systems  engineer,  a "referee,"  who  assigns  the  appropriate  target 
numbers  and  oversees  the  work  to  ensure  that  both  parties  fulfill 
the  tasks  assigned.  This  referee  may  be  called  the  system  coordi- 
nator . The  transient  coordination  philosophy  is  illustrated  in 
Figure  2.4.  The  aims  of  transient  coordination  are  the  following: 

1.  Ensure  that  the  actual  transient  level  produced  by 
lightning  (or  any  other  source  of  transient)  will  be 
less  than  that  associated  with  the  transient  control 
level  number  assigned  to  the  cable  designer.  The 
cable  designer's  job  is  then  to  analyze  the  electro- 
magnetic threat  that  lightning  would  present  and  to 
use  whatever  techniques  of  circuit  routing  or  shield- 
ing are  necessary  to  ensure  that  the  actual  transients 
produced  by  lightning  will  not  exceed  the  values  spe- 
cified for  that  particular  type  of  circuit. 

2.  The  transient  design  level  controlling  the  type  of 
circuit  or  circuit  protection  techniques  used,  and 
assigned  to  the  avionics  designer,  must  be  higher  than 
the  transient  control  level  by  a margin  reflecting 
how  important  it  is  that  lightning  will  not  in  fact 
interfere  with  the  piece  of  equipment  under  design. 

A margin  is  necessary  because  any  single  lightning 
flash  might  produce  an  actual  transient  level  higher 
than  the  assigned  transient  control  level,  which  would 
have  been  derived  for  a predicted  average  in  spite 
of  the  cable  designer's  good  intentions,  for  the  pre- 
diction of  actual  transient  levels  is  an  imperfect 
art. 

3.  The  job  of  the  avionics  designer  is  then  to  ensure 
that  the  vulnerability  and  susceptibility  levels  of 
the  equipment  that  he  is  to  supply  are  higher  than 
the  assigned  transient  design  levels.  The  vulnera- 
bility level  is  that  level  of  transient  which , if! 
applied  to  the  input  or  output  circuit  under  question, 
would  cause  the  equipment  to  be  permanently  damaged. 

The  susceptibility  level  is  defined  as  that  level  of 
transient  that  would  result  in  interference  with  or 
malfunction  of  the  equipment.  The  vulnerability  level 
by  definition,  then,  must  be  at  least  as  high  as  the 
susceptibility  level. 

There  are  several  ways  in  which  the  levels  might  be  set. 

First,  the  system  integrator  would  set  the  desired  transient  level, 
then  set  the  required  margin,  which  in  turn  would  set  the  transient 
control  level.  Whatever  the  rationale  by  which  the  system  inte- 
grator sets  the  transient  design  level,  that  level  would  become 
a part  of  the  purchase  specifications  and  would,  presumably,  not 
be  subject  to  variation  by  the  vendor  of  the  avionics.  As  an  al- 
ternative, the  avionics  designer  might  determine  by  suitable  test- 
ing the  vulnerability  and  susceptibility  levels  of  his  equipment 
and  provide  a guarantee  as  to  the  level  of  transients  that  his 
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Figure  2.4  The  Transient  Coordination  Philosophy 

equipment  could  withstand.  That  level  would  then  be  the  transient 
design  level.  After  the  system  integrator  has  set  the  desired 
safety  margin,  the  appropriate  transient  control  level  for  the 
cable  designer  would  have  been  established.  One  approach  to  the 
setting  of  margins  appears  in  the  Space  Shuttle  Lightning  Criteria 
Document  (Reference  2.12).  

The  numbers  that  would  be  assigned  to  the  transient  design 
level  probably  should  be  expressed  in  terms  of  the  maximum  volt- 
age appropriate  to  a high-impedance  circuit  (open  circuit  voltage) 
or  the  maximum  current  appropriate  to  a low-impedance  circuit 
(short  circuit  current) . In  order  for  the  transient  coordination 
philosophy  to  have  most  impact,  there  should  be  a limited  number 
of  levels.  Two  sets  of  levels  that  have  been  proposed  (Reference 
2.13)  are  shown  in  Tables  2.2  and  2.3.  With  each  level  there  is 
associated  an  open  circuit  voltage  and  a short  circuit  current; 
the  two  are  related  by  a standard  transient-source  impedance, 
shown  in  Figure  2.5  (Reference  2.14). 
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TABLE  2.2 

PROPOSED  TRANSIENT  CONTROL  LEVELS 


Proposed  Transient 
Control  Level 
Number 

Open  Circuit 
Voltage  Level 
(volts) 

Short  Circuit 
Current  Level 
(amperes) 

1 

10 

0.68 

2 

25 

1.7 

3 

50 

3.4 

4 

100 

6.8 

5 

250 

17.0 

6 

500 

34.0 

7 

1000 

68.0 

8 

2500 

170.0 

9 

5000 

340.0 

An  alternative  set  of  levels  for  which  some 
voltages  are  numerically  equal  to  the  voltages  in 
existing  specifications  is  presented  in  Table  2.3. 


TABLE  2.3 

ALTERNATIVE  TRANSIENT  CONTROL  LEVELS 


Proposed  Transient 
Control  Level 
Number 

Open  Circuit 
Voltage  Level 
(volts) 

Short  Circuit 
Current  Level 
(amperes) 

1 

15 

1 

2 

30 

2 

3 

60 

4 

4 

150 

10 

5 

300 

20 

6 

600 

40 

7 

1500 

100 

8 

3000 

200 

9 

6000 

400 

Figure  2.5 


Short  Circuit  Current  (Iep)  Resulting  From 
a Transient  Source  with  v^-.  Open  Circuit 
Voltage  and  50  n/50  yH  Source  Impedance 


2.3  LIGHTNING  FLASH  PHENOMENA 

2.3.1  General  Observations 

Historically,  research  into  the  characteristics  of  lightning 
has  been  concerned  with  protection  against  the  direct  effects 
(burning  and  blasting)  and  with  considerations  of  the  safety  of 
people  and  animals.  Not  nearly  as  much  research  has  been  con- 
cerned with  protection  against  the  indirect  effects  with  which 
this  program  deals.  Much  of  the  work  has  been  sponsored  by  the 
electric  utility  industry  and  has  dealt  with  effects  at  ground 
level.  The  electric  utility  industry  was  not  concerned  with 
lightning  effects  at  altitudes  where  aircraft  operate.  The  prob- 
lems that  lightning  posed  to  the  electric  utility  industry,  by 
and  large,  have  been  solved,  and  little  work  of  a fundamental 
nature  is  now  being  sponsored  by  the  electric  utility  industry. 

Work  that  bears  upon  the  indirect  effects  of  lightning  is  being 
sponsored  by  other  organizations,  but  the  knowledge  that  has  been 
accumulated  by  that  work  is  not  yet  as  comprehensive  or  as  well 
assimilated  by  workers  dealing  with  indirect  effects  as  is  the 
knowledge  that  deals  with  direct  effects. 

In  the  following  sections  we  will  address  some  specific 
characteristics  of  the  lightning  flash  to  try  to  separate  out 
those  areas  where  our  knowledge  is  full  from  those  where  it  is 
scanty.  In  those  areas  where  our  knowledge  is  full,  it  is  here 
worthy  to  note  that  the  work  by  Cianos  and  Pierce  (Reference  2.15) 
has  become  almost  a classic  reference. 

2.3.2  General  Characteristics  of  the  Lightning  Flash 

Once  a lightning  flash  occurrence  has  been  established,  there 
are  three  broad  regimes  that  characterize  the  flash:  the  return 
stroke  phase  (including  restrikes),  the  intermediate  current  phase, 
and  the  long  continuing  current  phase.  The  return  stroke  phase 
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seems  the  most  important  as  regards  indirect  effects,  with  the 
intermediate  current  phase  possibly  being  of  importance  as  regards 
long  duration  currents  and  voltages  impressed  upon  electronic  ap- 
paratus. The  long  continuing  current  phase  has  little  effect  upon 
indirect  effects  and  will  not  be  discussed  further. 

2.3.3  The  Return  Stroke 

The  return  stroke  is  characterized  by  a rapid  build-up  of 
current  to  a high  amplitude,  followed  by  a less  rapid  decay  to 
a current  on  the  order  of  a few  thousand  amperes,  the  intermediate 
current  phase.  The  peak  amplitude  of  current  is  well  known,  at 
least  at  ground  level.  A peak  current  of  200  kA  is  often  cited 
as  a realistic  worst  case,  a figure  that  seems  to  have  achieved 
ready  acceptance  in  the  lightning  community. 

The  rate  at  which  the  current  decays  is  on  the  order  of  25 
to  100ys — figures  generally  accepted.  The  rate  of  decay  does  not 
greatly  affect  the  voltages  or  currents  induced  in  the  electrical 
circuits  of  aircraft,  and,  as  a consequence,  there  seems  little 
reason  to  try  to  refine  the  rate  of  decay. 

The  situation  regarding  the  rate  of  build-up  of  current  is 
considerably  different.  One  of  the  most  important  aspects  of  the 
lightning  environment  for  aircraft  is  the  high-frequency  content 
of  the  lightning  flash.  The  fact  that  the  words  "high-frequency 
characteristics  of  the  lightning  flash"  are  vague  is  merely  a re- 
flection of  our  state  of  knowledge  of  the  lightning  flash.  One 
of  the  aspects  that  are  probably  of  most  importance  with  respect 
to  interacting  with  aircraft  electrical  systems  is  the  nature  of 
the  front  of  the  return  stroke  as  it  passes  through  a lightning 
flash  that  has  gone  to  ground.  Whether  there  is  a clearly  defined 
stroke  in  a flash  going  between  charge  centers  in  the  clouds 
(intracloud  flash)  is  a point  that  is  not  clearly  understood. 

It  is,  however,  clearly  understood  that  there  is  a return  flash 
associated  with  cloud-ground  strokes  and  that  aircraft  are  indeed 
involved  with  cloud-ground  strokes.  Our  knowledge  of  the  char- 
acteristics of  this  return  stroke  is  biased  by  the  fact  that 
virtually  all  of  the  measurements  of  lightning  that  have  been  made 
were  made  at  ground  level.  All  of  the  modern  measurements  of 
lightning  waveforms,  as  for  instance  those  obtained  by  Berger 
(References  2.16  and  2.17),  have  shown  the  return  stroke  to  rise 
in  a concave  manner,  initially  rising  at  a slow  rate  and  then 
rising  at  faster  rates  until  the  fastest  rate  of  change  occurs 
just  before  the  peak  of  the  lightning  current.  Examples  of  such 
measurements  are  shown  on  Figure  2.6.  In  an  unpublished  memo, 
Fisher  has  speculated  that  this  rapid  transition  of  current  is 
representative  of  the  rate  of  change  of  current  to  which  an  air- 
craft in  flight  might  be  subjected  (Reference  2.18). 

Frequently  in  specifications  the  build-up  of  current  is  as- 
sumed to  be  linear  and  to  require  two  microseconds  for  the  current 
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Figure  2.6  Front  Waveshapes  of  Lightning  Currents 
as  Measured  by  Berger 


to  build  from  zero  to  its  ultimate  value.  The  assumption  of  a 
linear  rate  of  build-up  is  purely  for  the  sake  of  convenience  in 
specifications.  The  figure  of  two  microseconds  is  generally  ac- 
cepted, but  only  with  reservations. 

The  question  of  the  front  time  of  the  lightning  return  stroke 
is  being  investigated  in  one  way  by  Martin  Uman  in  Florida  (Refer- 
ences 2.19  and  2.20).  He  is  measuring  the  electrical  radiation 
from  distant  return  strokes  and  using  those  measurements  to  cal- 
culate the  initial  rise  time  of  the  lightning  current.  His  pre- 
liminary measurements  indicate  that  the  rise  time  of  the  return 
stroke  at  altitude  might  be  much  faster  than  the  rise  time  of  the 
return  stroke  as  measured  at  ground  level. 

One  of  the  conclusions,  then,  would  be  that  the  lightning 
community  needs  to  sponsor  research  as  to  how  fast  the  return 
stroke  may  change  as  it  passes  through  an  aircraft. 

Regarding  the  measurements  upon  which  our  knowledge  is  based, 
there  have  been  doubts  expressed  that  the  bandwidth  of  the  oscil- 
loscopes used  in  past  measurements  may  have  been  so  limited  as 
to  distort  the  front  times  of  the  currents  measured.  This  is  a 
distinct  possibility,  particularly  for  those  measurements  made 
prior  to  World  War  II.  The  most  important  measurements,  however, 
are  those  made  after  World  War  II,  particularly  those  of  Berger. 
This  author  has  talked  to  Berger  about  this  subject,  and  it  is 
Berger's  opinion  that  the  bandwidth  was  indeed  sufficient  for  the 
measurements  that  he  has  presented. 


On  the  other  hand,  there  is  radiation  from  the  hot  plasma 
associated  with  the  lightning  flash,  and  we  know  practically 
nothing  about  the  frequency  characteristics  of  that  radiation. 

We  also  know  very  little  about  the  radiation  from  the  developing 
leader  of  the  lightning  flash,  at  least  in  the  immediate  vicinity 
of  the  lightning  flash.  The  lightning  leader  and  the  return  stroke 
represent  a hot  plasma.  Such  a plasma  doubtless  radiates  elec- 
trical energy  over  a very  broad  frequency  band.  Some  investiga- 
tions have  been  made  on  this  high-frequency  radiation  from  nearby 
lightning  flashes  and  from  nearby  lightning  discharges  simulating 
lightning  flashes.  F. A.  Fisher  (Reference  2.21)  has  done  some 
work  on  the  subject,  and  the  data  are  written  up  in  the  reports 
for  the  Air  Force.  The  high-frequency  radiation  characteristics 
are  distinctly  different  from  the  low-frequency  radiation  char- 
acteristics; none  of  them  has  any  applicability  to  the  Fourier 
transform  of  the  lightning  current  waveshapes  postulated  in  Mil- 
B-5087B  or  the  recent  Society  of  Automotive  Engineers  (SAE)  Task 
Force  recommendations.  This  question  of  high-frequency  radiation 
from  the  lightning  channel  is  very  important,  since  one  can  spec- 
ulate that  there  would  be  considerable  radiation  at  the  frequencies 
to  which  digital  processing  equipment  is  most  susceptible — roughly 
1 to  30  MHz.  These  high-frequency  radiations  are  those  that  couple 
most  readily  through  apertures  in  aircraft.  One  can  speculate 
that  a near  miss  of  lightning  flash  (Figure  2.7a)  is  less  severe 
than  a direct  hit  on  the  aircraft  (Figure  2.7b),  but  such  spec- 
ulation should  not  blind  one  to  the  fact  that  no  one  has  conclu- 
sively proven  this  to  be  true.  If  no  one  has  ever  truly  measured 
the  high-frequency  radiation  characteristic  from  nearby  lightning 
flashes  of  any  kind,  it  is  axiomatic  that  no  one  has  investigated 
the  differences  between  cloud-ground  and  cloud-cloud  flashes  in 
the  high-frequency  regions. 

Some  recent  work  done  under  the  sponsorship  of  the  Air  Force 
(Reference  2.22)  has  touched  upon  this  high-frequency  radiation. 

The  work  done  to  date  only  scratches  the  surface  of  the  subject 
and  should  be  continued. 

Some  work  (Reference  2.23)  has  been  done  in  which  the  lightning 
channel  was  modeled  as  a lumped  constant  transmission  line  and 
an  attempt  made  to  study  the  propagation  of  the  return  stroke  along 
such  a line  by  means  of  analog  measurement.  It  was  claimed  that 
these  measurements  indicated  that  the  front  time  of  a lightning 
return  stroke  would  lengthen  with  distance  away  from  the  point 
at  which  the  downward  coming  leader  makes  contact  with  the  upward 
induced  leader.  The  suggestion  was  also  made  that  the  wiggles 
and  wobbles  seen  on  measurements  of  lightning  current  might  be 
explained  as  the  result  of  impedance  discontinuities  along  the 
leader  channel  of  the  lightning  flash.  It  is  this  author's  belief 
that  neither  of  these  premises  is  likely  to  be  correct.  The  wiggles 
and  wobbles  can  be  explained  more  readily  as  being  due  to  the  charge 
stored  on  branches  of  the  lightning  flash,  as  shov/n  on  Figure  2.8. 
The  build-up  of  current  is  more  apt  to  be  controlled  by  the  physics 
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Figure  2.7  Lightning  Flashes  Near  and  To  an  Aircraft 

(a)  Near  Miss 

(b)  Direct  Hit 


of  the  transition  between  the  low  current  and  high  impedance  of 
the  leader  channel  and  the  high  current  and  low  impedance  of  the 
channel  when  it  is  carrying  a return  stroke  of  current.  This 
transition  region  could  be  investigated  in  the  laboratory. 

Work  on  long  arc  discharges  has  been  conducted  by  the  Re- 
nardieres  Group.  Les  Renardieres  is  the  name  of  a high  voltage 
laboratory  operated  by  Electricitd  de  France  (EDF) . Workers  from 
the  various  universities  of  Europe,  principally  those  in  Great 
Britain,  France,  Italy,  and  Germany,  have  been  funded  by  the  mem- 
bers' respective  universities  and  have  used  laboratory  facilities 
donated  by  EDF.  The  group's  subject  of  endeavor  has  been  the 
mechanism  of  the  development  and  propagation  of  long  arcs  such  as 
might  be  produced  by  switching  overvoltages  on  high-voltage  trans- 
mission lines.  This  group  and  other  workers  dealing  with  long 
arcs  have  published  extensively  (References  2.24,  2.25,  and  2.26). 
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Figure  2.8  Charge  on  Branches  That  Affects 
Current  Waveshape 


2.3.4  Nearby  Flashes 


It  is  axiomatic  that  aircraft  are  going  to  be  involved  with 
more  near  misses  of  lightning  flashes  than  they  are  going  to  be 
involved  with  direct  hits  of  lightning  flashes.  All  studies  to 
date  have  gone  on  the  premise  that  a direct  hit  of  a flash  will 
be  more  hazardous  than  a near  miss  and  that,  if  aircraft  could 
be  designed  to  withstand  the  effects  produced  by  a direct  hit, 
they  would  then  be  able  equally  well  to  withstand  the  effects  of 
a near  miss.  The  supposition  seems  reasonable,  but  it  is  by  no 
means  a certainty.  The  electromagnetic  fields  produced  by  a near 
miss  of  a lightning  flash  may  produce  a relatively  long-duration 
oscillation  in  the  aircraft  of  a type  that  might  not  be  excited 
by  a direct  hit.  The  aircraft  would  tend  to  ring  as  an  antenna 
at  its  characteristic  resonance  frequency  and,  in  so  doing,  couple 
more  severe  fields  into  its  interior. 

Whether  this  suppositon  is  true  or  not  has  not  been  studied 
one  way  or  the  other.  The  best  that  can  be  said  about  nearby 
flashes  is  that  they  have  not  yet  been  studied  to  the  degree  that 
they  should  be. 
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2.4  INTERACTION  OF  THE  LIGHTNING  FLASH  WITH  THE  AIRCRAFT 


The  EMP  community  has  studied  extensively  the  interaction 
of  aircraft  or  missile  systems  with  the  transient  electromagnetic 
field  propagating  past  the  aircraft  or  missile.  The  work  has  been 
directed  at  determining  the  axial  and  transverse  currents  induced 
on  the  aircraft  or,  perhaps  more  importantly,  determining  the  cur- 
rent density  on  the  surface.  Because  of  the  high-frequency  char- 
acteristics of  the  EMP  phenomena,  the  work  is  concerned  with  both 
the  electric  and  magnetic  fields.  Phrased  another  way,  this  means 
that  the  EMP  community  must  determine  both  the  current  on  the  air- 
craft and  the  electrical  charge  on  the  aircraft.  This  work  has 
led  to  a large  body  of  literature  on  methods  of  calculating  the 
interaction  of  bodies  with  an  electromagnetic  field.  A number 
of  computer  codes  governing  this  interaction  have  been  prepared. 

Many  of  the  computer  codes  are  available;  however,  their  appli- 
cability to  lightning  is  uncertain.  For  NEMP  analyses,  the  inter- 
action has  been  studied  through  the  use  of  geometric  models  and 
wire  grid  models,  both  experimentally  and  analytically.  A variety 
of  tools  is  available  to  the  EMP  community  for  experimental  measure- 
ments. While  they  will  not  be  discussed  here,  those  same  tools 
would  be  useful  for  evaluating  the  interaction  of  an  aircraft  with 
the  electric  fields  radiated  by  a nearby  lightning  flash  or  for 
determining  the  interaction  of  an  aircraft  with  a lightning  leader. 

The  interaction  of  an  aircraft  with  a lightning  flash  would 
seem  to  be  more  complicated  than  the  interaction  of  an  aircraft 
with  an  EMP  field,  at  least  one  originating  from  a distant  detona- 
tion. The  lightning  current  will  set  up  a magnetic  field  around 
the  aircraft  and  also  set  up  an  electric  field  radial  away  from 
the  aircraft.  In  the  low-frequency  region,  the  magnetic  field 
is  fairly  easy  to  understand.  The  low-frequency  electric  field 
is  less  easy  to  understand,  since  it  involves  nonlinear  behavior. 
There  is  also  a high-frequency  region,  where  conditions  are  more 
complex  yet. 

Passage  of  the  lightning  return  stroke  through  the  aircraft 
probably  will  excite  high-frequency  oscillations  of  the  structure, 
and  these  oscillations  will  be  superimposed  upon  the  basic  wave- 
form of  the  lightning  current.  These  oscillations  would  be  more 
pronounced  for  large  aircraft  than  for  small  aircraft.  The  fre- 
quencies that  would  be  excited  would  depend  upon  the  physical  size 
of  the  aircraft.  Internally,  resonant  frequencies  of  wire  bundles 
would  tend  to  be  proportional  to  the  lengths  of  the  wire  bundles. 

It  is  these  lengths,  both  of  the  wire  bundles  and  of  the  aircraft, 
that  govern  the  dominant  resonant  frequencies  of  the  wire  and  of 
the  aircraft. 

The  only  one  of  these  interactions  that  has  been  studied  in 
detail  is  how  the  low-frequency  component  of  current  sets  up  mag- 
netic fields  around  the  aircraft.  The  manner  in  which  the  current 
divides  can  be  determined  by  methods  well  known  to  specialists 
in  the  field  of  lightning  interactions  or  in  the  field  of  elec- 
tromagnetics. The  methods  may  not  be  well  understood  by  nonspe- 
cialists and  they  may  be  time-consuming,  but  they  are  basically 
easy. 
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The  electric  field  is  a different  story.  The  nature  of  the 
electric  field  at  the  surface  of  an  aircraft  is  strongly  influenced 
by  the  nonlinear  behavior  of  corona  and  of  partial  or  developing 
electrical  breakdown  in  gases.  Only  the  most  rudimentary  attempts 
have  been  made  to  study  this  interaction.  Fisher  (Reference  2.27) 
has  done  some  work  related  to  the  magnitude  and  shape  of  this  elec- 
tric field  which  develops  as  the  lightning  leader  approaches  the 
aircraft.  The  work  has  been  described  in  Air  Force  contracts  re- 
ports and  in  one  of  the  EMC  papers.  His  conclusions  are  that  the 
electric  field  at  the  surface  of  the  aircraft  will  be  limited  to 
less  than  500  kv/m  and  probably  in  most  parts  of  the  aircraft  will 
be  limited  to  less  than  100  kV/m.  These  numbers  are  much  lower 
than  numbers  other  workers  in  the  EMP  field  may  have  calculated. 
Their  judgments,  however,  may  be  influenced  by  the  fact  that  the 
voltage  waves  that  they  deal  with  are  of  very  short  duration. 

The  lightning  leader  will,  in  fact,  expose  the  aircraft  to  electric 
fields  having  much  longer  durations.  When  the  electric  field 
around  an  electrode  reaches  about  500  kV/m,  the  electrode  is  in 
a developing  breakdown  state,  and  the  corona  or  prebreakdown  dis- 
charges from  the  electrode  will  reduce  the  field  strength  at  the 
surface.  This  phenomenon  has  been  studied  in  detail  in  connection 
with  the  work  on  breakdown  processes  on  large  air  gaps.  The  work 
on  the  large  air  gaps  should  be  written  up  in  format  more  appro- 
priate to  the  study  of  lightning  effects  on  aircraft.  There  is 
practically  no  knowledge  of  the  aircraft  lightning  community  of 
the  things  that  have  been  learned  by  the  groups  dealing  with  break- 
down of  large  air  gaps. 

In  the  absence  of  any  better  description  of  the  external 
electric  field  intensity,  the  electric  field  waveshape  shown  on 
Figure  2.9  may  be  taken  for  design  puroses  as  a reasonable  worst 
case  threat. 


Figure  2.9  A Postulated  Worst  Case  External 
Electric  Field  Intensity 
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The  degree  to  which  a lightning  flash  excites  an  oscillatory 
current  along  the  aircraft  has  also  been  studied  in  only  the  most 
rudimentary  way.  It  is  quite  feasible  to  measure  this  interaction 
through  the  use  of  models,  just  as  models  have  been  used  to  study 
the  interaction  of  an  aircraft  with  an  EMP  field.  One  crude  ex- 
ample of  such  modeling  analysis  is  discussed  by  Fisher  (References 
2.28  and  2.29).  One  of  the  tools  with  which  one  could  measure 
these  effects  would  be  the  skin  current  probes  that  have  been  de- 
veloped by  AFWL.  These  are  a semicommercially  available  piece 
of  hardware  now  and  are  available  from  the  firm  EG&G.  The  use 
of  these  probes  has  been  described  in  connection  with  the  work 
on  the  one-fifth  scale  model  of  the  B-l  aircraft.  Another  of  the 
tools  that  could  well  be  used  for  such  studies  is  the  high-fre- 
quency data  link  that  is  described  in  the  notes  regarding  those 
model  studies. 

One  of  the  factors  governing  such  interaction  is  the  surge 
impedance  of  the  lightning  channel,  a quantity  to  which  reference 
has  already  been  made.  Little  is  known  about  the  impedance  of 
the  lightning  channel. 

Surge  impedance  has  been  discussed  most  notably  by  the  group 
of  workers  dealing  with  the  effects  of  lightning  on  power  trans- 
mission lines.  Two  of  the  major  workers  (usually  working  as  a 
team)  have  been  Wagner  and  Hileman.  Their  work  has  been  exten- 
sively reported  in  the  literature,  usually  in  IEEE  publications 
(References  2.30  and  2.31).  Fisher  has  extracted  some  of  these 
observations  and  discussed  them  in  a memorandum  dealing  with  an 
analysis  of  lightning  current  waveforms  through  the  Space  Shuttle 
(Reference  2.32).  The  impedance  of  the  lightning  flash  would  be 
strongly  dependent  upon  the  amount  of  current  involved  and,  almost 
certainly,  a strong  function  of  the  frequency  or  time  at  which 
one  observed  the  impedance.  Since  the  impedance  strongly  affects 
the  interaction  of  the  lightning  flash  with  the  aircraft,  it  follows 
that  this  represents  a field  in  which  additional  analytic  or  ex- 
perimental work  would  be  helpful  to  the  aircraft  community.  In 
sum,  it  can  be  said  that  there  is  a very  large  and  unexplored  field 
of  endeavor  in  which  future  research  could  profitably  be  undertaken. 

2.5  APPLICABILITY  OF  EMP  KNOWLEDGE  AND  TECHNOLOGY 

For  some  time  there  has  been  an  extensive  and  well-supported 
group  of  workers  concerned  with  the  effects  of  the  nuclear  electro- 
magnetic pulse  (EMP)  upon  aircraft  and  missiles.  That  community 
of  workers  has  developed  a very  large  body  of  literature,  sponsored 
extensive  studies  of  the  ability  of  semiconductors  to  withstand 
voltages  and  currents,  conducted  numerous  experiments  to  determine 
how  aircraft  and  missiles  respond  to  electromagnetic  fields,  and 
strongly  influenced  the  evolving  standards  that  relate  to  transient 
compatibility  of  electronic  systems.  No  comparable  study  effort 
has  ever  been  undertaken  for  lightning  effects.  One  of  the  aims 
of  this  program  was  to  help  determine  how  much  of  this  body  of 
knowledge  related  to  EMP  effects  is  directly  related  to  the  problems 
of  aircraft  compatibility  and  how  much  of  it  could  guide  the  de- 
velopment of  work  in  lightning  compatibility. 
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One  of  the  first  considerations  of  this  program  was  to  deter- 
mine which,  if  any,  of  the  analytical  techniques  developed  to  solve 
EMP  coupling  problems  on  aircraft  might  be  used  for  analysis  of 
lightning  indirect  effects.  The  discussions  at  AFWL  developed 
several  differences  between  lightning  and  EMP  characteristics  which 
render  available  EMP  techniques  somewhat  less  applicable  than  had 
been  first  expected  for  solution  of  the  basic  lightning  problem. 

Two  areas  where  differences  between  EMP  and  lightning  are  of  major 
technical  importance  are — 

1.  Differences  in  the  origins  of  the  electric  and  mag- 
netic fields  at  the  surface  of  the  aircraft 

2.  Differences  in  the  frequencies/wavelengths  of  these 
fields 

One  of  the  differences  between  EMP  and  lightning  is  that, 
in  the  EMP  situation,  the  aircraft  is  considered  to  be  illuminated 
by  a traveling  electromagnetic  wave,  as  shown  in  Figure  2.10, 
whereas  lightning  involves  direct  conduction  of  current  into  and 
out  of  the  aircraft  structure  as  shown  in  Figure  2.11.  This  dif- 
ference between  EMP  and  lightning  engenders  different  viewpoints, 
particularly  regarding  the  flow  of  current  in  the  airframe.  In 
most  EMP  formulations  reviewed  at  AFWL,  the  aircraft  is  treated 
as  an  assembly  of  cylindrical  dipole  antennas  with  respect  to  this 
electromagnetic  wave.  From  these  formulas  the  induced  skin  currents, 
both  longitudinal  and  circumferential,  are  calculated  as  is  the 
surface  charge  density.  On  the  other  hand,  the  total  lightning 
current  flowing  in  the  skin  can  usually  be  specified  as  an  a priori 
condition  in  which  all  of  the  current  enters  the  aircraft  at  one 
point  and,  eventually,  leaves  it  from  another  point.  Only  the 
initial  (inductive)  and  final  (resistive)  current  distributions 
need  to  be  computed.  As  a result,  the  basic  analyses  of  EMP-ex- 
cited  currents  on  airframes  are  inapplicable  for  determination 
of  first-order  (at  least)  distributions  of  lightning  currents  on 
airframes. 

The  second  major  difference  between  EMP  and  lightning  is  that 
of  the  frequencies  (or  wavelengths)  involved.  The  EMP  electro- 
magnetic field  has  characteristically  faster  times  to  crest  than 
the  electromagnetic  field  from  lightning;  the  factor  may  possibly 
be  100:1.  The  wavelengths  involved  for  EMP  can  be  comparable  to, 
but  are  generally  shorter  than,  the  important  dimensions  of  the 
aircraft  system  under  consideration.  Lightning  electromagnetic 
fields,  at  least  those  produced  by  stroke  currents  injected  into 
the  airframe,  are  thought  to  be  slower  than  EMP,  and  thus  the  wave- 
lengths involved  are  often  greater  than  the  equivalent  length  of 
the  aircraft.  Summarized,  these  are  as  follows: 

EMP:  x < a 

Lightning:  X > a 

where  "a"  represents  the  characteristic  dimensions  of  the  struc- 
ture under  consideration. 
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External  currents  flowing  in  the  aircraft  skin  produce  mag- 
netic fields  that  penetrate  into  the  interior  of  the  aircraft. 

The  time  history  and  amplitudes  of  EMP  fields  and  lightning  fields 
are  quite  different  and  thus  may  have  to  be  treated  differently 
when  one  is  calculating  how  fields  outside  the  aircraft  get  into 
the  interior  of  the  aircraft. 

Obviously,  once  one  knows  what  has  arrived  inside  the  aircraft 
in  terms  of  electromagnetic  field  intensity/orientation,  then  cou- 
pling of  the  E-M  fields  to  circuits  can  be  handled  quite  similarly, 
whether  those  internal  fields  arose  from  EMP  or  lightning.  The 
range  of  frequencies  involved  or  the  complexity  of  the  cable  system 
could,  of  course,  influence  the  selection  of  different  computational 
schemes  such  as  SEMCAP,  ECAP,  or  IEMCAP.  However,  the  basic  ele- 
ments of  all  these  routines  are  similar. 

2.5.1  Aperture  Analysis 

One  of  the  fields  in  which  the  EMP  community  has  performed 
a great  service  is  the  methods  of  analysis  for  determining  the 
penetration  of  electromagnetic  fields  through  holes,  or  apertures, 
in  metallic  structures.  Aperture  coupling  is  perhaps  the  most 
important  mechanism  by  which  fields  penetrate  into  aircraft  and, 
in  so  penetrating,  produce  currents  and  voltages  on  aircraft  wiring. 
Indeed,  the  researcher  is  likely  to  be  overwhelmed  by  the  variety 
and  analytical  sophistication  of  the  methods  that  are  available 
to  him.  Still,  there  remain  problems  as  to  how  the  working  engi- 
neer would  treat  aperture  coupling  problems. 

The  elements  of  the  aperture  problem  are  shown  in  Figure  2.12. 
What  is  desired  is  to  be  able  to  calculate  the  field  on  one  side 
of  an  infinite  sheet  containing  an  aperture  when  there  is  an  ex- 
ternal field  on  the  other  side  of  the  aperture.  The  formulation 
of  the  aperture  problem  used  in  this  study  is  based  upon  work  by 
Taylor  and  sponsored  by  AFWL  (References  2.33  and  2.34).  Taylor's 
formulation  is  made  in  terms  of  a magentic  dipole,  (Figure  2.12b) 
and  is  valid  for  all  frequencies  for  which  the  aperature  is  elec- 
trically small.  Electrically  small  implies  that  the  dimensions 
of  the  aperture  are  small  compared  to  the  wavelengths  of  the  fre- 
quencies under  consideration,  and  this,  in  turn,  implies  that  the 
aperature  is  not  of  such  a size  as  to  resonate  with  the  frequency 
components  of  the  incident  magnetic  field.  If  the  aperture  were 
resonant,  the  formulation  would  not  be  valid.  One  has  only  to 
consider  the  complexities  that  would  be  introduced  if  the  aperture 
were  treated  as  a slot  antenna. 

Taylor's  formulation  has  one  drawback  in  that  it  was  con- 
cerned only  with  the  magnetic  fields  at  points  far  removed  from 
the  aperture.  If  an  attempt  is  made  to  calculate  the  fields  near 
the  aperture  using  Taylor's  original  formulation,  the  field  goes 
into  infinity  because  of  the  fundamental  limitations  of  approx- 
imating the  finite-size  antenna  by  an  equivalent,  vanishingly 
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Figure  2.12  Apertures 

(a)  An  Aperture  in  a Plane 

(b)  An  Equivalent  Dipole 

(c)  Multiple  Dipoles 

(d)  Field  Strengths 


small,  dipole.  Fisher  (References  2.35  and  2.36)  uses  a brute 
force  expansion  of  the  dipole  equations  to  give  a formulation  that 
is  more  mathematically  tractable  in  the  region  close  to  the  ap- 
erture. This  can  be  done,  since,  again  for  electrically  small 
apertures,  one  knows  the  limiting  value  of  the  field  in  the  plane 
of  the  aperture.  In  the  plane  of  the  aperture  the  field  intensity 
would  be  one-half  the  external  intensity  were  the  aperture  not 
there. 

Taylor's  formulations,  and  hence  Fisher's  expansion  thereof, 
treat  the  equivalent  dipole  in  terms  of  polarizabilities.  The 
present  formulation  of  the  APERTURE  program  calculates  these  po- 
larizability constants  in  terms  of  the  major  and  minor  axes  of 
an  ellipse  and  hence,  strictly  speaking,  is  able  only  to  deal  with 
elliptical  apertures.  A circle,  of  course,  is  a limiting  case 
of  an  elliptical  aperture. 

The  program  APERTURE,  to  which  we  refer  in  Section  4,  is  able 
to  derive  an  equivalent  elliptical  aperture.  The  program  would 
be  in  better  form  if  it  included  routines  or  data  on  the  polar- 
izability of  other  kinds  of  apertures.  AFWL  data  on  the  polar- 
izability of  other  types  of  apertures  are  shown  reproduced  on 
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Figures  2.13  through  2.17.  A note  in  the  article  from  which  the 
figures  were  reproduced  states  that  the  figures  constitute  the 
state  of  the  art  about  aperture  polarizabilities. 

There  is  an  enormous  amount  of  theoretical  work  dealing  with 
aperatures  in  addition  to  that  presented  by  Taylor.  All  of  it 
has  one  element  in  common.  All  of  it  deals,  as  shown  in  Figure 
2.16,  with  a field  incident  from  some  remote  point  upon  the  metal 
surface  containing  the  aperture.  The  first  part  of  all  of  the 
solutions,  then,  is  determining  how  that  incident  field  interacts 
with  the  surface  containing  the  aperture.  The  field  at  the  sur- 
face is  the  sum  of  the  incident  and  the  reflected  fields.  The 
magnitude  of  the  reflected  field  is  a function  of  the  electrical 
properties  of  the  surface  upon  which  the  field  is  incident,  but 
for  highly  conductive  metal  surface,  such  as  aluminum,  the  field 
can  be  treated  as  being  completely  ref lected— i . e. , no  frequency- 
dependent  terms  in  the  equation  defining  the  reflected  wave.  The 
magnetic  field  that  exists  on  the  surface,  then,  is  equal  to  twice 
the  incident  field. 

If  the  surface  is  curved,  the  evaluation  of  the  reflected 
component  of  field  becomes  analytically  quite  complex,  and  the 
evaluation  becomes  particularly  complex  if  the  source  of  the  field 
is  close  to  the  surface,  since  this  then  implies  that  the  source 
impedance  of  the  incident  field  is  not  the  377  ft  impedance  asso- 
ciated with  a TEM  wave  propagating  field.  The  task  of  determining 
these  reflected  fields  (also  called  the  task  of  determining  the 
scattering  properties  of  the  surface  under  investigation)  is  quite 
complex  and  has  led  to  the  development  of  a great  many  sophisticated 
analytical  procedures.  Much  (though  obviously  not  all)  of  this 
analytical  procedure  is  superfluous  to  the  problem  of  evaluating 
the  interaction  of  lightning  current  with  aircraft,  since  the  sur- 
face magnetic  field  is  given  directly  by  the  current  density  on 
the  exterior  of  the  aircraft,  and  this  can  be  found  relatively 
easily,  either  by  numerical  techniques  such  as  DIFFMAG  (Section 
4),  by  computer  solution  of  Laplace's  equation,  by  handplotting 
of  the  fields,  or  by  experimental  measurement.  Actual  measurement 
of  the  surface  field  intensity  is  perhaps  the  most  powerful  tool 
that  could  be  used  for  any  actual  program. 

Another  important  class  of  analyses  that  have  been  supported 
by  AFWL  deals  with  better  methods  of  evaluating  the  fields  coupled 
through  the  aperture,  particularly  for  the  fields  close  to  the 
aperture.  Some  of  the  differences  between  the  more  elaborate  anal- 
yses and  the  analysis  presently  used  in  the  APERTURE  program  are 
shown  in  Figure  2.17.  In  the  present  APERTURE  program,  based  on 
the  work  of  Taylor,  it  will  be  remembered  that  the  aperture  is 
replaced  by  an  elementary  dipole  and  that  the  field  on  the  interior 
region  is  calculated  in  terms  of  the  field  produced  by  that  one 
dipole.  It  is  also  possible  to  break  the  aperture  into  a number 
of  parts  and  to  put  one  dipole  at  each  point  on  the  grid.  The 
formulation  may  be  in  terms  of  magnetic  dipoles  or  electrical  charges; 
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* (1)  is  for  the  magnetic  field  parallel  to  the  major  semiaxis; 

C l 

m 

(2)  is  for  the  field  parallel  to  the  minor  semiaxis  b.  K(e)  and  E (e ) 
m are  complete  elliptic  integrals  of  the  first  and  second  kind; 
e is  the  eccentricity  = /l - (b/a) 2 . 

Figure  2.13  Available  Data  on  Polarizabilities 
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Figure  2.14  Available  Data  on  Folar izabilit j es 
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Figure  2.16  Traveling  Waves  Incident  upon  a Surface 

(a)  The  Traveling  Wave 

(b)  Resolution  into  Components 


the  formulation  process  is  basically  similar.  The  dipoles,  being 
close  together,  interact  with  each  other,  and  one  cannot  simply 
set  the  strength  of  all  the  dipoles  equal  to  each  other,  expect- 
ing the  field  intensity  to  be  correct.  Rather,  one  must  evaluate 
the  field  strength  produced  by  the  array  of  dipoles  at  a number 
of  points  other  than  the  location  occupied  by  the  dipoles.  Typ- 
ically, there  would  be  one  such  same  point  for  each  assumed  dipole. 
The  trick  is  to  adjust  the  strength  of  all  of  the  various  dipoles 
such  that  the  summation  of  the  field  strength  produced  by  those 
dipoles  at  the  sample  points  is  equal  to  the  field  strength  that 
one  knows,  from  other  considerations,  has  to  exist  at  those  sample 
points.  For  instance,  one  knows  (for  electrically  small  apertures) 
that  the  field  strength  in  the  center  of  the  aperture  will  be  one- 
half  the  field  strength  that  would  exist  at  that  point  were  the 
aperture  not  there.  One  likewise  knows  that  the  field  strength 
at  the  edge  of  the  aperture  has  to  go  to  zero.  What  the  field 
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Figure  2.17  Moment  Method  of  Determining 
Aperture  Effects 

(a)  A Single  Dipole 

(b)  Multiple  Dipoles 

(c)  and  (d)  Field  Strength  in 

the  Aperture 


strength  is  at  intermediate  points  is  another  matter  that  has 
received  extensive  analytical  investigations.  Analytically,  it 
is  a far  from  trivial  problem,  though  possibly  one  skilled  in  the 
art  of  making  aperture  calculations  could  guess  the  shape  of  the 
field  strength  pattern  closely  enough  for  all  practical  purposes. 
Be  that  as  it  may,  the  problem  is  to  manipulate  the  field  strength 
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of  the  individual  dipoles  such  that  their  summation  is  the  best 
fit  to  the  field  strength  known  to  exist  along  the  sample  surface 
or  at  the  sample  points.  How  one  defines  "best  fit"  is  another 
subject  discussed  at  length  in  the  literature,  since  the  definition 
used  affects  the  formulation  of  the  problem. 

The  task  of  determining  the  field  strengths  on  the  individual 
dipoles  that  give  the  desired  pattern  along  the  test  surface  is 
relatively  straightforward  in  principle  and,  with  a reasonable 
number  of  elements,  reasonably  straightforward  numerically.  Ba- 
sically, one  requires  the  inversion  of  an  n x n matrix,  where  n 
represents  the  number  of  dipoles  used  for  the  solution.  In  prin- 
ciple (Figure  2.18)  one  could  model  the  entire  surface  of  an  air- 
craft by  a series  of  elementary  dipoles  and  hence  be  able  to  cal- 
culate the  field  strength  at  all  interior  points  in  one  complete 
computer  run.  Clearly,  such  a solution  is  inadequate. 


Figure  2.18  Some  Surfaces  Are  too  Large  or  Complex 
to  Model  as  an  Array  of  Dipoles. 


The  question  arises:  How  necessary  is  it  to  be  well  grounded 
analytically  in  the  analysis  of  apertures  and  what  degree  of  com- 
plexity of  aperture  formulations  is  necessary  to  give  satisfactory 
answers?  Frankly,  we  do  not  know.  More  elaborate  formulations 
than  those  of  the  APERTURE  program  are  likely  to  be  an  improvement 
on  those  formulations  at  some  point  and  at  some  frequency  and  even- 
tually to  supersede  them.  On  this  program  however,  we  did  not 
attempt  to  improve  the  low-frequency,  brute  force  formulations 
of  the  APERTURE  program. 

Another  area  where  improvements  are  needed  is  in  knowing  the 
effective  dipole  strength  for  poorly  defined  apertures.  The  most 
important  of  these  poorly  defined  apertures  is  that  existing  around 
access  covers  where  there  is  an  electrical  aperture,  even  if  a 
direct-line-of-sight  aperture  cannot  be  seen.  Little  Air  Force 
work  seems  to  bear  as  yet  on  this  problem  of  poorly  defined  aper- 
tures. It  is  suspected  that  only  experimental  programs  can  allow 
the  definition  of  such  aperture  strengths. 
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2.5.2  Cable  Analysis  Programs 


The  EMP  community  has  sponsored  nearly  all  of  the  work  that 
has  led  to  the  variety  of  computer  programs  now  available  for  the 
solution  of  complex  electrical  networks.  Examples  of  programs 
include  ECAP,  CIRCUS,  and  SCEPTRE.  In  Section  3 of  this  report 
the  use  of  ECAP,  to  solve  for  the  currents  and  voltages  in  a 
lumped  parameter  model  of  an  aircraft  electrical  harness,  is  dis- 
cussed. 

In  addition  to  the  circuit  solution  programs  sponsored  by 
the  EMP  community,  there  are  others,  such  as  the  Dommel  program 
diffused  through  the  electrical  industry  by  the  Bonneville  Power 
Administration  (BPA) , that  are  available  for  use  by  those  wishing 
to  make  numerical  analyses  of  electrical  circuits.  This  report 
will  not  go  into  the  strengths  and  weaknesses  of  the  various  pro- 
grams. Clearly,  the  task  of  making  a computer-aided  analysis  of 
an  equivalent  circuit  of  an  actual  aircraft  wiring  harness  is  much 
easier  than  is  the  task  of  formulating  the  equivalent  circuit  in 
the  first  place. 

2.5.3  Test  Techniques 

The  EMP  community  has  sponsored  the  development  of  a variety 
of  techniques  for  making  tests  on  electronic  equipment  to  deter- 
mine their  resistance  to  electromagnetic  fields.  This  report  can- 
not cover  all  of  them.  Several  threads  might  be  traced,  though, 
to  show  how  knowledge  obtained  in  the  EMP  community  has  led  to 
methods  of  injecting  specified  currents  in  interconnecting  cables 
through  use  of  pulse- injection  transformers.  In  the  book  by  Fisher 
and  Plumer  (Reference  2.37)  and  in  the  article  by  Fisher  and  Martzloff 
(Reference  2.38)  are  presented  some  test  techniques.  Such  equipment, 
and  the  method  of  making  the  tests,  was  directly  influenced  by  sim- 
ilar test  equipment  developed  for  EMP  analyses. 

Strip  line  simulators  of  the  type  used  by  AFWL  would  be  well 
adapted  to  the  study  of  how  aircraft  respond  to  the  electromagnetic 
field  produced  by  a nearby  lightning  flash.  Such  simulators  could 
accommodate  a full-sized  aircraft  or  at  least  a large  scale  model. 

Those  additional  model  techniques  currently  used  for  studying 
the  response  of  small  models  of  aircraft  and  missiles  to  EMP  fields 
could  also  be  used  to  study  the  response  of  aircraft  to  the  fields 
produced  by  lightning.  Such  studies  would  be  easier  to  make  than 
studies  on  full-sized  craft,  since  the  pulses  used  to  represent  , 
the  lightning  fields  would  be  easier  to  generate  and  measure  than 
would  the  pulses  used  to  represent  EMP  fields. 
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SECTION  HI 

THE  LUMPED  PARAMETER  METHOD  (LPM)  OF  MODELING 


3.1  BASIC  CONSIDERATIONS  IN  LPM  MODELING 

LPM  modeling  is  a procedure  whereby  a distributed  conductor 
excited  by  an  electromagnetic  field,  usually  of  different  character 
at  different  points  along  the  conductor,  is  modeled  as  an  equiva- 
lent circuit  composed  of  a number  of  elementary  lumped  constant 
circuits.  Generally  the  modeling  is  done  in  such  a manner  that 
the  equivalent  circuits  can  be  solved  with  the  aid  of  one  of  the 
standard  circuit  solution  computer  programs.  Sometimes  the  dis- 
tributed circuit  is  physically  modeled  by  an  appropriate  selec- 
tion of  lumped  inductors,  capacitors,  and  resistors.  In  such  a 
case  physical  voltage  and  current  generators  can  be  connected  to 
the  model,  the  voltages,  and  currents  at  different  points  in  the 
model  measured  with  oscilloscopes  or  other  measuring  instruments. 
Physical  models  of  distributed  networks  have  been  used  for  many 
years  to  study  the  transient  response  of  electrical  power' trans- 
mission and  distribution  systems,  but  such  models  seem  to  have 
been  used  very  little  to  study  the  problems  of  lightning  inter- 
action with  aircraft.  In  the  material  to  be  presented  here,  it 
will  be  assumed  that  the  equivalent  circuits  will  be  solved  with 
the  aid  of  the  Electronic  Circuit  Analysis  Program  (ECAP)  com- 
puter code. 

The  degree  to  which  the  model  approximates  the  real  circuit 
under  study  will  depend  partly  on  the  skill  with  which  the  inves- 
tigator is  able  to  visualize  all  the  parameters  that  need  to  be 
modeled.  The  degree  of  model  approximation  will  also  depend  on 
the  complexity  of  the  model  that  is  made;  generally  speaking, 
the  more  complex  the  model,  the  greater  the  accuracy,  but  the 
expense  of  making  the  calculations  with  which  the  solution  is 
developed  is  also  greater. 

There  are  a number  of  steps  involved  in  making  an  LPM  type  of 
model  solution.  Those  steps  will  be  covered  in  more  detail  momen- 
tarily, but  they  will  now  be  introduced.  First  of  all,  the 
physical  circuit  to  be  modeled  must  be  identified  and  in  some 
way  separated  from  the  rest  of  the  circuits  to  which  it  is  in 
proximity.  The  wiring  harnesses  in  an  aircraft  are  very  complex, 
consisting  of  large  numbers  of  individual  wires  all  in  close 
proximity  to  each  other.  It  would  be  desirable  to  be  able  to 
determine  the  voltage  and  current  upon  each  of  the  conductors 
within  the  aircraft.  As  a practical  matter  this  determination 
can  never  be  done;  the  wiring  system  is  of  complexity  far  beyond 
what  the  state-of-the-art  can  truly  handle.  What  is  more  practi- 
cal is  to  determine  the  voltage  or  current  acting  upon  a bundle 
of  conductors,  perhaps  better  described  as  the  average  voltage 
and  current  upon  conductors  comprising  a bundle  of  conductors. 


Another  practical  step  is  to  make  an  estimate  of  the  currents  and 
voltages  induced  upon  a bundle  of  cables  by  the  voltages  and  cur- 
rents on  an  adjacent  bundle  of  conductors. 

It  is  highly  doubtful  that  anyone  will  ever  develop  an  easy 
way  to  tell  what  kind  of  circuit  can  be  modeled  with  what  kind  of 
accuracy  when  that  circuit  is  in  the  presence  of  a large  number 
of  other  conductors.  Since  any  such  prediction  would  seem  to  be 
purely  speculative,  this  report  will  not  make  any  such  predictions 
nor  will  it  offer  much  guidance  as  to  how  to  select  the  degree  of 
complexity  of  a circuit  to  be  modeled.  It  is  better  to  regard 
modeling  as  an  art  and  to  recognize  that  the  skill  of  the  artisan 
depends  upon  his  experience  in  his  trade.  There  is  no  substitute 
for  experience,  and  the  only  way  that  experience  is  likely  to  be 
obtained  is  through  considerable  interaction  between  analytic 
calculations  of  currents  and  voltages  and  actual  measurements 
upon  physical  hardware. 

Naturally,  the  problem  of  developing  an  equivalent  circuit 
is  simplified  if  the  conductor  or  group  of  conductors  are  well 
isolated  from  other  conductors  or  groups  of  conductors.  In  the 
material  presented  here,  it  is  assumed  that  the  conductors  or 
groups  of  conductors  are  well  isolated  from  all  other  conductors 
or  groups  of  conductors. 

The  next  step  in  the  process  of  modeling  solution  is  to 
determine  the  total  inductance,  capacitance,  and  resistance  of 
the  conductor  or  group  of  conductors.  Since  any  actual  circuit 
will*  probably  follow  a circuitous  physical  path  in  an  aircraft, 
it  will  probably  be  necessary  to  determine  the  inductance, 
capacitance,  and  resistance  of  individual  segments  of  that  con- 
ductor or  group  of  conductors. 

The  following  step  in  the  process  is  to  divide  the  total 
inductance,  capacitance,  and  resistance  into  an  equivalent  cir- 
cuit composed  of  an  appropriate  number  of  elementary  sections. 

Pi,  Tee,  Gamma,  etc. 

Another  step  in  the  process  is  to  determine  how  the  electro- 
magnetic fields  impinging  upon  the  conductor  can  be  described  in 
terms  of  elementary  voltage  and  current  generators  which  can  be 
integrated  into  the  equivalent  circuit  being  developed. 

Once  the  circuit  has  been  developed,  it  must  be  programmed 
in  some  manner  for  solution  upon  a computer.  Fortunately,  there 
are  well-developed  circuit  solution  programs  that  are  able  to 
handle  quite  complex  electrical  circuits.  This  report  will  deal 
with  how  the  ECAP  program  can  be  used.  There  are  other  types  of 
programs  (CIRCUS,  SCEPTRE,  etc.)  which  can  be  used  also.  The 
choice  of  programs  to  be  used  depends  largely  upon  the  experi- 
menter's preferences,  his  experience,  and  the  degree  of  availability 
of  the  various  programs. 
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Finally,  after  making  the  solutions  of  the  equivalent  circuit 
with  the  aid  of  the  computer,  the  degree  of  validity  of  the  re- 
sulting solutions  must  be  evaluated  in  some  way. 

3.2  DETERMINING  INDUCTANCE,  CAPACITANCE,  AND  RESISTANCE 

3.2.1  Concentric  Geometry 

The  simplest  type  of  geometry  to  consider  is  one  in  which  a 
conductor  is  surrounded  by  some  type  of  ground  plane  or  current- 
carrying  conductor,  as  in  Figure  3.1.  Later  sections  will  extend 
the  analysis  to  isolated  conductors,  conductor  pairs,  and  con- 
ductors over  a ground  plane. 
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Figure  3.1  Geometry  of  a Cable  with  Concentric  Return 

The  conductor  of  Figure  3.1  is  located  in  a medium  having 
resistivity  p,  permeability  u,  and  permittivity  e = eR  eQ.  Under 
these  conditions  the  shunt  resistance,  the  series  inductance,  and 
the  shunt  capacitance,  as  shown  in  Figure  3.2,  may  all  be  deter- 
mined from  the  classic  field  pattern  existing  in  coaxial  cylinders. 
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Figure  3.2  Self- Impedances 

The  resistance,  inductance,  and  capacitance  are  each  dependent 
upon  a logarithmic  term  involving  the  ratio  of  the  diameter  of 
the  return  path  to  the  diameter  of  the  conductor,  a constant 
depending  upon  the  medium  involved,  and  whether  or  not  one  is 
calculating  resistance,  inductance  or  capacitance.  These  calcu- 
lations are  shown  in  Equations  3.1,  3.2,  and  3.3.  Equation  3.3 
gives  the  reciprocal  of  the  shunt  capacitance  in  order  that  the 
essential  similarity  of  the  equations  may  be  shown  more  clearly. 
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While  in  many  lightning  interaction  problems  the  shunt  resis- 
tance of  the  conductor  can  be  neglected,  that  resistance  is  shown 
in  order  to  preserve  the  symmetry  of  the  equations. 

The  impedances  presented  above  are  the  self-impedances : 
basically,  the  voltage  produced  on  a conductor  by  the  flow  of 
current  along  that  conductor.  One  may  also  define  mutual  im- 
pedances as  the  voltage  induced  on  a conductor  by  the  flow  of 
current  along  another  conductor.  The  magnitudes  of  these  im- 
pedances again  depend  upon  a constant  proportional  to  the  medium 
involved  and  upon  a common  logarithmic  term  involving  the  geometry 
of  the  conductors  and  the  return  path.  The  geometry  is  shown  in 
Figure  3.3,  and  the  mutual  resistance,  inductance,  and  capacitance 
are  given  by  Equations  3.4,  3.5,  and  3.6. 


Figure  3.3  Mutual  Impedances 
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3.2.2  Physical  Significance  of  Inductance  and  Capacitance 

A bit  of  digression  into  the  origin  of  these  equations,  or 
into  the  physical  significance  of  self— and  mutual  impedances  is 
helpful  as  an  aid  to  understanding  lightning  interaction  problems. 


3. 2. 2.1  Self- Inductance.  If  an  isolated  conductor  of  in- 
finite length  carries  a current  i,  as  in  Figure  3.4,  the  magnetic 
field  intensity  external  to  that  conductor  is 
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where 

i = current  in  amperes 

r = distance  from  center  line  of  the  conductor  in  meters 
The  magnetic  flux  density  at  any  point  is 
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For  virtually  all  cases  in  which  one  wishes  to  consider  lightning 
interactions,  the  relative  permeability  is  unity.  In  most  future 
discussions  in  this  presentation,  the  symbol  yr  will  be  considered 
as  unity  and  suppressed. 


The  total  flux  between  any  two  points  p_  and  P2  is 
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(3.13) 


The  total  flux  produced  by  the  current  i is  the  sum  of  the  flux 
within  the  conductor  and  the  flux  external  to  the  conductor.  In 
this  development,  as  in  most  developments,  the  flux  within  the 
conductor  is  ignored,  since  it  is  generally  a small  part  of  the 
total  flux,  particularly  for  the  higher  frequencies  or  faster 
transients  where  the  skin  effect  reduces  the  current  density  on 
the  inside  of  the  conductor. 

Strictly  speaking,  the  magnetic  field  of  an  isolated  conductor 
extends  to  infinity,  and  if  Equation  3.10  is  evaluated  and  r2 
equal  to  infinity,  the  total  flux  set  up  by  the  current  i in  an 
infinitely  long  conductor  is  infinite.  Hence,  the  inductance 
of  an  isolated  conductor  is  infinite  or,  better  put,  indeterminate. 

Since  an  isolated  conductor  cannot  physically  carry  a con- 
tinuous current,  the  concept  of  inductance  really  has  meaning  only 
when  the  conductor  is  considered  part  of  a complete  circuit:  i.e., 
when  the  return  path  for  the  current  is  defined.  The  simplest 
return  path  to  consider  is  one  that  is  concentric  with  the  con- 
ductor, as  in  Figure  3.5.  If  all  the  current  on  the  conductor 
returns  on  the  outer  concentric  conductor,  there  will  be  no 
magnetic  field  external  to  the  outer  conductor.  Hence  the 
field  intensity  need  be  integrated  only  out  to  the  radius  of  the 
outer  conductor,  and  thus  the  flux  produced  by  the  flow  of  current 
would  be 
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3. 2. 2. 2 Mutual  Inductance.  If  there  is  a second  conductor, 
one  is  frequently  interested  in  the  amount  of  flux  produced  in  the 
region  beyond  the  second  conductor  by  the  current  in  the  first 
conductor.  If  the  geometry  is  as  shown  in  Figure  3.6,  that  flux  is 


(3.16) 
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Figure  3.6  Magnetically  Coupled  Conductors 

(a)  Geometry 

(b)  Field 

This  flux  is  usually  described  in  terms  of  a mutual  inductance. 


Since 


v = (3.18) 

at 

it  follows  that  self— and  mutual  inductance  can  also  be  expressed  as 

r = 

L dt  di,/dt 


(3.19) 
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3. 2. 2. 3 Self-Capacitance.  If  the  conductor  of  Figure  3.4 
(or  Figure  3.5)  instead  of  carrying  a current,  has  upon  it  a 
charge  q per  unit  length,  the  electric  field  at  any  point  ps 
external  to  the  conductor  is 


e = volts  per  meter  (V/m) 

e e r 
o r 


(3.21) 


where 


q = charge  per  unit  length  - coulombs  per  meter  (C/m) 
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In  a manner  similar  to  that  in  which  magnetic  flux  was  evaluated 
as  the  integral  of  the  flux  density,  the  voltage  between  two 
points  is  defined  as  the  integral  of  the  electric  field  or 


edr=^lnU 
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(3.22) 


Capacitance  is  defined  as 
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3. 2. 2. 4 Mutual  Capacitance.  If  the  integral  is  evaluated 
over  the  entire  distance  r1  to  r2,  the  capacitance  so  defined 
is  the  self-capacitance  of  the  conductor.  If  the  integral  is 
evaluated  over  the  distance  s to  r2, (Figure  3.3),  the  capacitance 
so  defined  is  what  amounts  to  a mutual  capacitance,  or  the  ratio 
of  the  voltage  induced  on  one  conductor  to  the  charge  on  another 
conductor. 
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3. 2. 2. 5 Multiple  Dielectrics.  It  frequently  happens  that 
a conductor  is  surrounded  by  two  dielectric  media,  the  natural 
example  being  a wire  with  insulation,  but  placed  in  the  air.  In 
a concentric  geometry  it  is  easy  to  evaluate  the  effects  of  the 


second  medium.  The  geometry  is  shown  in  Figure  3.7.  The  govern- 
ing equations  are 


3 . 2 . 2 . 6 Relation  Between  Inductance  and  Capacitance.  Formu- 
las for  inductance  and  capacitance  are  seen  to  include  similar 
logarithmic  terms.  In  fact,  it  can  be  shown  that 


LC  = ye 


(3.28) 


and  that,  if  one  knows  one  of  the  quantities  (inductance  or  capa- 
citance) of  a structure,  one  can  determine  the  other  quantity. 

In  fact,  one  can  determine  the  inductance  of  a structure  by  mea- 
surement of  the  capacitance,  or  vice  versa,  subject  to  the 
important  proviso  that  the  effective  dielectric  constant  of  the 
medium  is  known.  Particularly  with  insulated  wires  placed  in 
the  air  this  is  easier  said  than  done. 


3.2.3  Isolated  Conductors  and  Conductor  Pairs 


While  it  must  be  remembered  that  an  isolated  conductor  cannot 
carry  a continuous  current,  it  is  instructive  to  consider  what  the 
magnetic  field  would  be  if  one  postulates  an  isolated  conductor 
or  conductor  pair.  Figure  3.8  shows  such  a conductor  or  conductor 
pair.  If  the  conductor  is  of  finite  length,  the  total  flux  set 
up  by  the  postulated  current  sums  up  to  a finite  value,  and  hence 
an  isolated  conductor  has  associated  with  it  a certain  inductance 


L 


S 


(3.29) 


If  the  flux  is  again  neglected  within  the  conductor,  that  inductance 
can  be  shown  to  be 


L 

s 


i. 


(3.30) 
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Possessing  Self-Inductance 

(b)  Adjacent  Conductors 

Possessing  Mutual  Inductance 


where 

| 


(3.31) 


d = diameter  of  conductor  m 

£ = length  of  conductor  m 


Note  that  the  inductance  is  not  directly  proportional  to  the  con- 
ductor length  unless  the  conductor  is  very  long  compared  to  its 
diameter.  Ls,  as  defined  in  Equation  3.30,  relates  only  to  the 
self-inductance  of  the  conductor  and  has  only  mathematical  signifi- 
cance, since  it  is  not  a measurable  quantity.  In  order  for  the 
indicated  current  to  flow,  there  must  be  other  conductors  making 
up  that  complete  circuit;  and  in  order  for  inductance  to  have  a 
physical  significance,  the  magnetic  fields  produced  by  the  flow 
of  current  on  the  other  conductors  must  be  taken  into  account. 

This  is  done  through  the  use  of  mutual  inductance.  For  the 
parallel  conductors  shown  in  Figure  3.8b  the  mutual  inductance, 
defined  as 


(3.32) 
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is 


(3.33) 


In 1 

-1+7 

/ 

(3.34) 


The  total  inductance  of  the  circuit  is  the  sum  of  the  self- 
inductance and  the  mutual  inductance  to  the  return  path.  The 
mutual  inductance  may  be  either  positive  or  negative,  depending 
upon  whether  the  field  produced  by  the  current  in  the  return  path 
adds  to  or  subtracts  from  the  flux  set  up  by  the  first  conductor. 
Figure  3.9  shows  two  possible  ways  of  interconnecting  the  two 
conductors  shown  in  Figure  3.8.  In  Figure  3.9a,  which  is  easily 
realized  in  a physical  sense,  the  current  goes  down  Conductor  1 
and  returns  through  Conductor  2.  The  total  inductance  of  the 
circuit  is 


S ■ 'hi  - 


mi2)  * 


(L.2  - “2l> 


(3.35) 
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Figure  3.9  Connected  Conductors 


(a) 

Currents  in 
Directions 

Reverse 

(b) 

Currents  in 
Direction 

Same 
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If  the  conductors  are  about  the  same  diameter,  and  M21  are 

nearly  equal,  even  if  the  conductors  are  fairly  close  together. 
Lsi  and  Ls2  will  also  be  equal  if  the  diameters  are  the  same. 
Hence 


L = 2 ( L - M) 
T s 


(3.36) 


In  Figure  3.9b  the  two  conductors  are  interconnected  so  that  the 
current  goes  the  same  way  in  each  one,  and  is  interconnected  by 
conductors  in  which  the  current  produces  no  magnetic  field,  a 
situation  not  physically  realizable  for  straight  conductors  but 
perfectly  feasible  for  loops.  In  such  a case  the  fields  add, 
and  hence 


= (Lsl  + 


mi2)  + 


(L 


s2 


M21> 


(3.37) 


If  the  conductors  are  long  compared  to  their  spacing,  so  that 
the  D/£  term  in  Equation  3.33  can  be  disregarded,  then  the  induc- 
tance of  the  conductor  pair,  as  connected  and  shown  in  Figure 
3.9  a becomes 


L 


T 


*[to(r)  -1  -°-2  1 [£n(r)  -1] 

i + 0.2  i + 0.2  i Qfiri  - in  [f^)J 


(3.38) 


(3.39) 


L 


T 


(3.40) 


0.4  i in 


(3.41) 


Thus,  the  inductance  of  the  wire  pair  is  directly  proportional  to 
its  length,  provided  only  that  the  length  of  the  pair  is  large 
compared  to  the  spacing  between  the  conductors. 
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3.2.4  Conductor  Over  a Ground  Plane 


3. 2. 4.1  Self-  and  Mutual  Inductance.  Frequently  a conductor 
is  over  a ground  plane,  as  in  Figure  3.10.  The  self-inductance 
of  the  conductor  would  again  be  as  given  by  Equation  3.30.  The 
mutual  inductance  would  be  that  between  the  conductor  and  its 
image  (the  spacing  to  that  image  being  twice  the  height  of  the 
conductor  over  the  ground  plane)  and  can  again  be  calculated  by 
Equation  3.33.  Since  the  concept  of  a perfect  ground  plane  implies 
that  it  has  no  inductance  of  its  own,  the  inductance  of  the  cir- 
cuit in  which  the  return  is  through  the  ground  plane  becomes 


L = L - M 
T s 


(3.42) 


L =0.2 
T 


Jin  ^ -1  -0.2  t Jin  “1^ 


0.2  i dn 


(3.43) 

(3.44) 


Equation  3.44  again  assumes  that  the  length  of  the  conductor  is 
long  compared  to  its  height  above  the  ground  plane. 
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Figure  3.10  Conductor  Over  a Ground  Plane 
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3. 2. 4. 2 Second  Order  Effects.  All  the  equations  presented 
up  to  this  point  have  assumed  that  the  conductor  is  sufficiently 
far  from  the  other  conductor  or  ground  plane  that  the  current 
density  is  uniform  over  the  surface  of  the  conductor,  which  it 
will  be  if  h >>  d.  If  this  is  not  the  case,  (Figure  3.11a), 
the  current  will  not  be  uniformly  distributed.  An  exact 
formulation  of  the  above  equations  is  made  possible  by  using  a 
different  argument  for  the  logarithmic  terms.  If,  for  example. 
Equation  3.44  is  written  as 


it  is  an  exact  expression  for  inductance.  Generally  the  error 
involved  in  ignoring  proximity  effects  is  so  small,  at  least  in 
relation  to  the  other  uncertainties  inherent  in  calculations 
relating  to  lightning  response,  it  need  not  be  cause  for  serious 
concern.  Even  when  h = d,  the  simplified  formula  of  Equation 
3.44  predicts  an  inductance  only  5%  higher  than  the  exact  expres- 
sion of  Equation  3.45. 

Finally,  it  might  be  noted  that  the  presence  of  insulation 
over  the  conductors,  (Figure  3.11b),  does  not  affect  the  inductance 
unless  the  insulation  has  been  deliberately  formulated  to  have 
high  permeability. 

3. 2. 4. 3 Capacitance.  Since  the  inductance  and  capacitance 
are  related  by  Equation  3.28,  it  follows  that  the  capacitance 
of  a conductor  pair,  in  air,  is 


c = 


F/m 


(3.46) 


or 


c = 


27.8 


pF/m 


(3.47) 
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If  the  conductors  are  close  together  or  close  to  a ground 
plane,  the  more  exact  formulation  for  the  argument  of  the  logar- 
ithmic term  should  be  used. 


The  capacitance  of  conductors,  unlike  inductance,  can  be 
strongly  affected  by  the  insulation  over  the  conductors.  Accurate 
equations  predicting  the  capacitance  of  insulated  conductors  seem 
not  to  exist,  except  for  concentric  conductors,  as  described  in 
the  preceding  section.  The  effect  of  insulation  can  be  approxi- 
mated, however.  Since  the  dielectric  constant  of  the  insulation 
is  substantially  higher  than  that  of  air,  it  follows  that  the 
greater  fraction  of  the  voltage  between  the  conductor  and  ground 
will  appear  across  the  air  and  only  a small  portion  appear  across 
the  insulation.  Hence,  a limiting  value  of  the  capacitance  can  be 
obtained  by  using  the  diameter  over  the  insulation  in  the  capaci- 
tance formulas  rather  than  the  actual  wire  diameter. 

3.2.5  Practical  Calculation  of  Inductance  and  Capacitance 


A collection  of  working  formulas  for  line-to-ground  impedances 
of  some  common  conductor  geometries  is  shown  in  Figure  3.12.  The 
figures  also  show  the  expression  for  surge  impedance,  defined  as 


Frequently,  for  a set  of  conductors,  the  surge  impedance  will  be 
known.  Less  frequently,  the  velocity  of  propagation  defined  as 


v 


(3.51) 


will  be  given.  If  both  surge  impedance  and  propagation  velocity 
are  known,  it  follows  that 


c = 


l 

vz 


F/m 


(3.52) 


L = 


Z 

V 


H/m 


(3.53) 


If  we  assume  er  = jar  = 1,  then 


V ~ 3 x 10  m/s 


3.33  x 10 

C = pF/m 


L = 3.33  x 10-3  Z yH/m 


(3.54) 

(3.55) 

(3.56) 


The  permeability  of  the  medium  in  which  the  conductors  are  placed 
is  practically  never  different  from  yr,  but  the  relative  dielectric 
constant  can  be  substantially  greater  than  unity.  If  er  is  other 
than  unity 


3.33  x 103-yr~  PF/m  (3.57) 

Z 

3.33  x 10  yH/m  (3.58) 
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A type  of  conductor  frequently  found  is  the  common  50  ft 
coaxial  cable,  in  which  the  dielectric  is  most  typically  poly- 
ethylene of  er  = 2.3.  The  inductance  and  capacitance  of  such  a 
cable  is  0.253  yH/m  and  101  pF/m  respectively. 

Figures  3.13  and  3.14  show  plots  of  the  inductance  and 
capacitance  of  typical  sizes  of  wires,  or  of  wire  bundles.  It 
can  be  seen  that  rather  reasonable  rules  of  thumb  for  values 
of  inductance  and  capacitance  are  0.8  yH/m  and  2.0  pF/m.  For 
insulated  conductors,  the  capacitance  might  be  increased  about 
20%.  In  interaction  problems,  more  accurately  calculated  or 
measured  values  are  preferable  to  the  use  of  rules  of  thumb. 


h (cm) 


Figure  3.13  Self-Inductance  of  Typical  Conductors 

One  of  the  major  difficulties  in  determining  the  inductance 
and  capacitance  of  a cable  bundle  is  that  the  height,  h,  of  the 
wire  or  cable  bundle  above  a ground  plane  is  difficult  to  specify, 
partly  because  the  ground  plane  is  seldom  purely  a plane  surface 
and  because  cable  bundles  are  frequently  strapped  directly  to  a 
supporting  structure.  In  the  absence  of  any  better  definition  of 
height,  the  following  rules  might  be  used: 
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Figure  3.14  Self-Capacitance  of  Typical  Conductors 

1.  Assume  that  the  distance  h is  measured  to  the  nearest 
substantial  metallic  structural  member. 

2.  If  the  cable  bundle  is  laid  directly  on  that  member, 
assume  that  h is  one-half  the  cable  diameter. 

3.  If  the  cable  bundle  is  elevated  above  the  metallic 
structural  member,  assume  that  h is  the  clear  height 
above  the  member,  plus  one-half  the  cable  diameter. 

If  the  cable  height  differs  along  its  length,  use  an 
average  height. 


The  fact  that  the  height  is  difficult  to  specify  is  one  of 
the  reasons  that  it  is  frequently  preferable  to  use  measured 
values  of  inductance  and  capacitance  for  analysis  of  the  response 
of  a cable  system  to  the  electromagnetic  fields  produced  by 
lightning. 

3.2.6  Effects  of  Line  Losses 

None  of  the  preceding  work  has  touched  on  the  subject  of 
line  losses  or  line  resistance.  While  it  is  a considerable 
oversimplification  of  the  matter,  conductor  resistance  does  not 
affect  the  response  very  much  as  long  as  the  frequency  is  well 
below  the  resonance  points  of  the  conductor  system.  At  frequen- 
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cies  well  above  the  first  response  point,  circuit  loss  does  signi- 
ficantly affect  the  response.  Some  of  the  circuit  losses  at  these 
frequencies  are  accounted  for  by  the  intrinsic  resistance  of  the 
conductors  involved,  but  part  is  accounted  for  by  radiation  loss 
or  by  the  effects  of  eddy  currents  in  nearby  surfaces  of  less  than 
perfect  conductivity.  While  such  effects  can  be  discussed  in  great 
detail,  in  the  final  analysis  their  effects  are  usually  described 
in  terms  of  empirical  measurements  or  educated  judgment. 

Skin  effect  also  plays  a role  in  the  losses,  but  probably 
that  role  is  significant  only  at  frequencies  sufficiently  high 
enough  that  the  analysis  procedure  is  of  dubious  validity,  or 
at  frequencies  'ufficiently  high  that  little  is  really  known  about 
the  electromagnetic  fields  exciting  the  response  under  study. 

Skin  effect  is  most  noticeable  on  large  conductors,  but  the  large 
conductors  for  which  calculations  are  probably  to  be  made  are 
most  likely  to  be  bundles  of  smaller  conductors.  The  Litz  wire 
effect  helps  minimize  skin  effects. 

As  a result  of  the  above  factors,  it  is  recommended  that 
the  resistance  of  conductors  be  taken  as  the  dc  resistance  of 
the  conductors  for  purposes  of  lightning  interaction  calculations. 


3.3  LUMPED  CONSTANT  REPRESENTATION  OF  CONDUCTORS 

3.3.1  Single  Conductors 

Figure  3.15  shows  a distributed  conductor  of  length  i;  it  has 
a total  inductance  and  capacitance  of  and  Ct,  those  values 
having  been  determined  with  the  preceding  equations.  This  distri- 
buted conductor  must  then  be  divided  into  N elementary  sections, 
of  which  the  simplest  and  most  generally  usable  is  a Pi  section 
as  shown  in  Figure  3.15b.  A virtue  of  a Pi  representation  is 
that  it  provides  a capacitance  at  the  end  of  each  section.  This 
leads  generally  to  better  numerical  stability  than  does  a repre- 
sentation having  inductance  at  the  ends.  The  capacitance  at  the 
ends  of  the  adjacent  elementary  sections  can,  of  course,  be  com- 
bined as  shown  in  Figure  3.15c. 

3.3.2  How  Many  Sections  To  Use? 

It  should  be  recognized  that  the  lumped  constant  represen- 
tation of  the  distributed  conductor  forms  a low  pass  filter.  One 
should  not  expect  the  response  of  the  lumped  constant  representa- 
tion to  be  an  accurate  representation  of  the  distributed  system 
at  frequencies  higher  than  the  cutoff  frequency  of  the  filter. 

The  maximum  frequency  for  which  one  should  place  any  reliance 
in  the  results  calculated  with  this  representation  is 
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Figure  3.15  Lumped  Constant  Approximations 

(a)  Distributed  Conductor 

(b)  Elementary  Pi  Sections 

(c)  Capacitances  Combined 


f _ 100  N 

m Z MHz 


where  N = number  of  sections 

Z = line  length  m 


(3.59) 


It  would  be  particularly  well  not  to  trust  results  above  half 
this  frequency. 

3.3.3  Coupled  Conductors 

Finding  equivalent  circuits  for  the  propagation  along  one 
conductor,  or  group  of  conductors  treated  as  a cable  bundle,  is 
only  part  of  the  analysis  problem.  Another  important  part  of  the 
analysis  problem  is  to  determine  the  interactions  between  two 
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conductors  or  two  bundles  of  conductors.  Figure  3.16a  shows  two 
conductors.  The  object  of  the  analysis  to  follow  is  to  derive  the 
quantities  of  the  double  Pi  section  shown  on  Figure  3.16b.  The 
indicated  quantities  are  not  those  that  one  would  calculate  for 
a conductor  by  itself.  The  analysis  will  treat  only  two  conductors. 
To  extend  the  analysis  to  more  conductors,  is  straightforward  in 
principle,  but  the  complexity  of  the  equivalent  circuits  increases 
so  rapidly  that  one  should  be  dubious  about  the  results  predicted 
by  a circuit  representing  more  than  two  conductors. 

In  general,  both  the  height  and  the  diameter  of  the  two  con- 
ductors can  be  unequal,  but  the  analysis  is  simplified  if  the 
diameters  di  and  d2  are  the  same.  The  conductors  will  be  assumed 
to  be  parallel  to  each  other  and  to  the  ground  plane. 

3. 3.3.1  Capacitance . If,  as  in  Figure  3.16,  there  are  two 
isolated  conductors  and  upon  Conductor  1 a charge  is  placed, 
there  will  be  induced  upon  Conductor  2 a charge  Q2.  These  charges 
will  give  rise  to  voltages,  Vi  and  V2,  to  ground  from  each  of 
the  conductors,  the  relationship  between  the  voltages  and  charges 
being 


c 

X 


(3.60) 


The  task  is  to  define  the  quantities  Cx  that  satisfy  Equation 
3.60,  and  from  these  quantities,  to  determine  the  physical  capaci- 
tances from  which  one  could  construct  for  the  two  conductors  the 
lumped  constant  representation  shown  in  Figure  3.16  b. 

The  first  step  in  the  analysis  is  to  formulate  the  equations 


V1  = B11  + B12  C2 


(3.61) 


V2  " Bn  °1  + B22  °2 


(3.62) 


These  may  be  written  in  matrix  form  as 


(3.63) 
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or  more  compactly  as 


V = B 2. 


(3.64) 


The  bar  under  the  quantities  in  Equation  3.64  indicates  that  these 
should  be  regarded  as  matrix  quantities.  Since  the  conductors 
are  over  a perfectly  conducting  ground  plane,  the  method  of  images 
may  be  applied,  as  shown  in  Figure  3.17  and  from  electrostatics 


(3.65) 
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where 


d = diameter  of  the  conductors 

h = height  of  the  conductor  over  the  ground 
plane 

d*  = distance  between  Conductor  1 and  the  image 
of  Conductor  2 

d, _ = distance  between  Conductor  1 and  Conductor 
1 2 


Since 


l 

e 

o 


36  it  x 10 


F/m 


(3.67) 


it  follows  that 


B 

rr 


18  «n  (f ) 


m/nF 


(3.68) 


B = 18  lln 
rs 


(3.69) 


The  relationships  between  charge,  voltage,  and  capacitance  can 
also  be  formulated  as 


C1  " K11  V1  + *12  V2 


(3.70) 


Q2  " K21  V1  + K22  V2 


(3.71) 
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or  in  matrix  notation 


C1  = K11  K12  V1 


K21  K22  V2 


(3.72) 


2.  = K V 


(3.73) 


If  we  multiply  each  side  of  Equation  3.64  by  the  inverse  of 
the  B matrix,  then 


B-1  V = B 1 B 2 


B_1  V = Q 


(3.74) 

(3.75) 


which  is  of  the  same  form  as  Equation  3.73.  Hence  there  must  be 
one-to-one  correspondence  between  the  elements  of  the  B-^  and  the 
K matrices. 


The  elements  of  the  inverse  of  the  B matrix,  in  terms  of 
elements  of  the  K matrix,  are 


(3.76) 


(3.77) 


K21  K12 


(3.78) 
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(3.79) 
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22 


D 


B11  B22 


21  22 


(3.80) 


The  quantities  Kji,  K12,  and  K22  of  Equations  3.76  - 3.79  are 
related  to  the  physical  capacitors  that  would  make  up  a lumped 
constant  representation  of  the  two  conductors.  Those  capacitors 
can  be  related  to  the  elements  of  the  K matrix  as  follows:  On 
the  network  of  capacitors  shown  in  Figure  3.18,  if  the  voltages 
Vi  and  V2  are  held  on  Points  1 and  2,  respectively,  the  charges 
on  the  various  capacitors  will  be  the  net  charge  seen  at  Points 
1 and  2,  and  will  be 


or 


Q1  = ql  + q3 


Q2  = q2  " q3 


°1  = Clg  V1  + C12  V1  - C12  V2 


22  = "C12  V1  + C12  V2  - C2q  V2 


21  = (Clg  + C12)  V1  - C12  V2 


*2  " "C12  V1  + (C12  + V V2 


(3.84) 


(3.85) 


(3.86) 


(3.87) 


(3.88) 


(3.89) 
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Figure  3.18  Charges  Relating  to  Self-and 
Mutual  Capacitance 


and  in  matrix  notation 


(C1,  ♦ C12>  - C12 


'12 


IC12  * V 


or 


2.  = £ 1 


(3.90) 


(3.91) 


This  corresponds  to  the  same  form  as  Equation  3.73  and  hence  there 
must  be  a one-to-one  correspondence  between  the  elements  of  the  C 
matrix  and  the  K matrix.  It  therefore  follows  that 


A numerical  example  might  illustrate  the  magnitude  of  the 
terms.  As  in  Figure  3.16,  let 


d = 

H1  " 

H2  = 
S = 


and  thus 


d12 

= 5.10 

d* 

= 12.08 

69 

B11 

= 5.392 

x 1010  m/F 

B22 

= 5.720 

x 1010  m/F 

B12 

n 

DO 

fo 

M 

II 

1.552  x 10 

10 


By  either  inverting  the  B matrix  numerically  or,  more  easily 
in  this  simple  case,  working  directly  from  Equations  3.76  - 3.80, 


Ki;l  = 20.12  pF/m 


and  thus 


K12  = 5.46  pF/m 


K 


22  ~ 18.96  pF/m 


C^G  = 14.66  pF/m 
C2G  = 13.50  pF/m 
C12  = 5. 46  pF/m 
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3. 3. 3. 2 Inductance.  In  a similar  manner,  if  a current  i^ 
is  passed  through  Conductor  1,  there  will  be  induced  in  Conductor 
2 a current  i-2,  assuming  the  conductors  are  of  infinite  length 
so  that  the  current  in  the  second  conductor  is  not  influenced 
by  end  effects.  These  currents  will  set  up  magnetic  flux  in 
the  surrounding  area,  the  relationship  between  flux  and  current 
being 


L 

x 


(3.95) 


The  relationships  between  flux  and  current  may  be  formulated  as 


**1  F11  11  + F12  12 


h F2I  11  + F22  12 


F F 
11  12 


F21  "22j  L 12 


& = F _i 


The  elements  of  the  F matrix  may  be  evaluated  as 


f = «n 
rr  2tt 


(?) 


H/m 


rs 


* tn  (“12) 


pH/m 


or 


Ffr  = 0.2  in  Qp)  pH/m 


(3.96) 

(3.97) 

(3.98) 

(3.99) 

(3.100) 

(3.101) 

(3.102) 
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In  the  lumped  constant  representation  shown  in  Figure  3.19 

/ ^ = (Lgl  - M)ix  - Mi ^ (3.104) 

J v2  = <P2  = ~MiL  +(Ls2-M)i2  (3.105) 


Figure  3.19.  Currents  Relating  to 
Self-and  Mutual 
Inductance 


or  in  matrix  form 


i = Li  (3.107) 
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There  is  thus  a one-to-one  correspondence  between  the  L and  F 
matrices,  and  so 


Lsl"M 

= F11 

(3.108) 

LS2  “M 

F22 

(3.109) 

M 

" F12 

(3.110) 

3. 3. 3. 3 Aids  to  Calculation.  There  does  not  appear  to  be 
any  simple  way  to  present  on  a graph  the  relationship  between 
the  component  values  of  the  equivalent  circuit  of  Figure  3.15b 
and  the  physical  geometry  of  typical  conductors  as  given  in  Fiqure 
3.15a.  The  simplest  approach  seems  to  be  to  present  several 
examples  of  calculations  for  typical  conductor  geometries.  Several 
such  examples  are  given  in  Figures  3.19  - 3.22.  They  will  indi- 
cate the  approximate  magnitude  of  the  component  values  with  which 
one  is  likely  to  work.  In  general,  it  should  be  noted  that  the 
line-to-ground  capacitance  C^g  and  C2g  of  the  equivalent  circuit 

is  less  than  that  calculated  for  the  line-ground  capacitance  of 
a conductor  by  itself,  less  by  an  amount  equal  to  the  mutual 
capacitance  between  the  two  conductors.  That  mutual  capacitance 
is  not  the  same  as  the  capacitance  between  the  two  conductors 
of  a conductor  pair;  it  is  of  the  order  of  one-half  that  capaci- 
tance. The  series  inductance  for  each  side  of  the  equivalent 
circuit  is  greater  than  the  self-inductance  of  the  conductor  by 
itself,  greater  by  an  amount  equal  to  the  mutual  inductance  between 
the  two.  Naturally,  the  greater  the  spacing  between  the  conductors, 
the  less  the  mutual  capacitance  and  the  mutual  inductance,  and  the 
closer  the  inductance  and  capacitance  values  become  to  those  of 
conductors  by  themselves. 

3. 3.3.4  Formulation  of  an  Equivalent  Circuit.  The  formula- 
tion of  an  equivalent  circuit  for  multiple  conductors  is  a simple 
extension  of  the  formulation  shown  in  Figure  3.14  for  single  con- 
ductors. One  would  calculate  the  capacitance  and  inductance  per 
meter  of  the  conductors,  multiply  those  values  by  the  total  length 
of  the  conductor  involved,  and  then  split  the  line  into  as  many 
elementary  sections  necessary  to  achieve  the  desired  accuracy. 

In  general,  one  can  say  that  the  more  sections  of  the  equivalent 
circuit  the  better,  recognizing  that,  as  the  complexity  of  the 
equivalent  circuit  increases,  the  time  required  to  solve  that 
circuit  on  the  computer  will  increase.  It  is  best  to  keep  in 
mind  that  in  a lightning  interaction  problem  the  magnitudes  of 
the  electric  and  magnetic  fields  internal  and  external  to  the 
aircraft  are  likely  to  be  known  with  much  less  precision  than 
are  the  inductances  and  capacitances  of  the  conductors  under 
analysis. 
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3.4  DRIVING  SOURCES 


In  an  aircraft,  the  conductors  will  be  exposed  to  changing 
electric  and  magnetic  fields.  The  amplitudes  will  be  different 
in  different  portions  of  the  aircraft.  The  fields  will  be  of 
complex  waveshape  and  generally  unlike  the  waveshape  of  the  cur- 
rent passing  through  the  aircraft.  The  waveshape,  as  well  as  the 
amplitude,  will  in  general  be  different  in  the  different  portions 
of  the  aircraft.  In  all  probability,  the  waveshapes  of  the 
electric  and  magnetic  fields  will  be  greatly  different  from  each 
other.  The  fact  that  the  waveshapes  of  the  electric  and  magnetic 
fields  will  be  different, implies  that  the  fields  impinging  upon 
the  conductor  will  not  be  simple  plane  wave  fields  whose  ampli- 
tudes are  related  by  the  377  ft  impedance  of  free  space;  and  also 
implies  that  the  directions  of  the  electric  and  magnetic  fields 
will  not  be  at  right  angles  to  each  other.  Those  fields  will 
be  different,  too,  depending  upon  where  the  lightning  flash  contacts 
and  leaves  the  aircraft.  Those  fields  will  also  be  different 
for  different  types  of  lightning  flashes. 

It  is  this  author's  belief  that  those  fields  will  never  be 
able  to  be  calculated  with  any  precision.  The  best  that  one  is 
ever  able  to  achieve  is  a calculation  giving  the  average  electric 
and  magnetic  fields  likely  to  be  found  in  different  portions  of 
the  aircraft  - for  each  an  average  over  the  volume  of  the  portion 
of  the  aircraft  under  study.  The  magnitudes  of  those  average 
electric  and  magnetic  fields  might  be  expressed  in  terms  of  a 
severe  or  worst-case  type  of  lightning  flash.  Accordingly,  it 
is  suggested  that  an  aircraft  be  divided  into  a number  of  dif- 
ferent zones,  each  zone  being  distinguished  by  the  type  of  shield- 
ing that  the  physical  structure  of  the  aircraft  provides  in  those 
zones.  It  is  also  suggested  that  a series  of  ruling  electric 
and  magnetic  field  amplitudes  and  waveshapes  be  determined  for 
each  of  those  zones.  The  task  of  describing  those  zones,  or 
determining  the  amplitudes  and  waveshapes  of  the  electric  and 
magnetic  fields  to  be  considered  as  representative  in  those 
zones,  is  discussed  elsewhere  in  this  report. 

At  this  point,  then,  assume  that  the  aircraft  in  which  a 
conductor  under  study  is  located  has  been  divided  into  the  appro- 
priate types  of  zones  and  that  in  each  zone  the  ruling  electric 
and  magnetic  fields  have  been  determined.  Figure  3.20  shows  such 
an  aircraft  with  the  ruling  electric  and  magnetic  fields  for  each 
of  the  particular  zones.  In  Figure  3.20,  the  waveshapes  and 
amplitudes  of  the  electric  and  magnetic  fields  have  been  arbitrarily 
chosen  for  the  purposes  of  illustration,  but  the  values  are  at 
least  not  unrealistic  for  an  actual  aircraft.  The  figure  also 
shows  a conductor,  or  conductor  bundle,  running  between  two  pieces 
of  electronic  apparatus.  In  Zone  C another  conductor  is  coupled 
to  the  conductor  running  fore  to  aft  in  the  aircraft. 
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For  purposes  of  illustration,  the  length,  diameter,  and 
height  of  these  conductors  are  shown  in  Figures  3.21  - 3.23. 

This  conductor  might  be  considered  to  be  the  overall  shield  on 
a bundle  of  conductors.  Although  the  fiqures  do  not  show  it, 
later  on  this  report  will  consider  how  the  equivalent  circuit 
is  represented  if  there  is  a conductor  inside  of  this  overall 
shield.  In  Figure  3.21,  the  first  part  of  the  conductor,  desig- 
nated as  Run  A,  is  assumed  to  be  located  in  a cable  tray,  as 
shown  in  Figure  3.21b.  The  rest  of  the  run  is  assumed  to 
be  4 cm  over  a well-defined  ground  plane.  In  Figure  3.22,  the 
conductor  is  assumed  to  be  an  average  height  of  6 cm  above  a 
well-defined  ground  plane  for  the  entire  zone.  In  Figure  3.23c, 
the  two  conductors  are  shown  to  be  4 cm  and  5 cm  above  well- 
defined  ground  planes,  at  least  for  those  places  where  the  con- 
ductors run  parallel  to  each  other. 

3.4.1  Response  to  Magnetic  Fields 

Figure  3.24a  shows  a conductor  exposed  to  a changing 
magnetic  field.  That  field  will  produce  a voltage  across  an 
open  circuit,  or  a current  through  the  conductor  if  the  con- 
ductor is  shorted  to  ground  at  each  end.  The  elementary  voltage 
and  current  sources  that  this  conductor  would  present  to  the 
other  portions  of  the  circuit  are  shown  in  Figure  3.24b  and 
3.24c.  The  magnitudes  of  the  open  circuit  voltage  are  given 
on  Equations  3.111,  3.112,  or  3.113,  depending  upon  whether 
the  expression  is  presented  in  terms  of  elementary  units,  mixed 
metric  units,  or  mixed  English  units. 


where 


dt 


. dH 
U A ~r~ 
dt 


(3.111) 


2 

A = area  of  the  loop  involved  m 

= 4 it  x 10  1 H/m  (permeability  of  free 

space) 
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Figure  3.23  Conductors  in  Zone  C 

(a)  Lengths 

(b)  Orientation  of 
Coupled  Conductors 


where 

H = length  of  cable  bundle  - inches 
h = height  above  ground  plane  - inches 
H = magnetic  field  intensity  - A/m 
t = ys 

3.4.2  Response  to  Electric  Fields 

Figure  3.25  shows  a surface  exposed  to  a changing  electric 
field  Eu,  the  field  assumed  to  be  oriented  perpendicularly  to 
this  surface.  That  changing  electric  field  will  produce  a dis- 
placement current.  If  a portion  of  that  surface  is  isolated  and 
connected  to  the  rest  of  the  surface  through  a conductor,  as 
shown  in  Figure  3.35b,  there  will  be  intercepted  by  that  iso- 
lated portion  a current 


i 


(3.114) 
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I 


, 


(c) 

Figure  3.24  Response  to  Magnetic  Fields 


(a)  Geometry 

(b)  Elementary  Voltage  Source 

(c)  Voltage  Source  Embedded 
in  the  Model 


where 

2 

A = area  of  the  surface  - m 
i q-9 

eo  ~ 36~tT~  (Pern»ittivity  of  free  space) 

E = actual  electric  field  intensity  - V/m 
t = s 
i = A 

The  current  depends  upon  the  actual  intensity  of  the  electric 
field  incident  upon  the  isolated  section.  If  that  isolated  sec- 
tion is  flush  with  the  rest  of  the  surface  and  if  the  spacing 
between  the  surfaces  w is  small  compared  to  the  width  of  the  sur- 
faces df  then  the  actual  electric  field  intensity,  Ea»  will  be 
equal  to  the  undisturbed  electric  field  intensity,  Eu« 

If,  as  shown  in  Figure  3.26,  the  surface  is  raised  above  the 
surrounding  surface,  the  actual  electric  field  intensity  Ea 
acting  upon  that  surface  will  be  higher  than  the  undisturbed 
electric  field  intensity,  Eu«  Consequently,  such  a surface  will 
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Figure  3.25  A Surface  Exposed  to  an 

Electric  Field 

(a)  Isometric  View 

(b)  End  View 

intercept  more  displacement  current  than  would  a surface  of  the 
same  projected  area  flush  with  the  surrounding  surface.  Calcu- 
lating the  current  intercepted  by  the  raised  flat  surface  of 
Figure  3.26a  would  require  evaluating  the  electric  field  inten- 
sity at  all  points,  either  by  cut-and-try  field  plotting  or  by 
field  plotting  with  one  of  the  available  electric  field  programs. 

A simple  geometry  to  calculate  is  the  hemicylinder  (or  half- 
exposed  cylinder)  shown  in  Figures  3.26b  and  3.26c.  It  can  be 
shown  that  the  actual  electric  field  incident  upon  the  hemicylinder 
is 


= 2EU  cos  4> 


(3.115) 


*- 
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(a)  Flat  Surface 

(b)  Embedded  Hemisphere  - 
Isometric 

(c)  Embedded  Hemisphere  - 
End  View 

If  this  electric  field  is  integrated  over  the  surface  of  the 
hemicylinder , then  the  hemicylinder  will  intercept  twice  as 
much  displacement  current  as  does  the  flat  surface  shown  in 
Figure  3.25  and  will  have  the  same  projected  area. 

The  hemicylinder  is  of  interest  because  it  is  the  limiting 
case  as  the  cylinder  in  Figure  3.27  is  brought  closer  and  closer 
to  the  ground  plane . 


If  the  cylinder  (or  conductor)  is  well  above  the  ground 
plane,  the  open  circuit  voltage  produced  upon  that  conductor 
will  be 


e 

oc 


hE 

u 


(3.116) 
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If  the  conductor  is  shorted  to  ground,  the  short  circuit  current 
intercepted  by  the  conductor  will  be 


dE 

i = he 
sc  at 


(3.117) 


where 


C = 

‘‘sc 
t ~ 


capacitance  to  ground  of  the  conductor  - yF 
short  circuit  current  - A 
ps 


In  rms  terms 


1 -rms 
sc 


2-iTfhCE^-rms 


(3.118) 


f = frequency  - MHz 
C = capacitance  - yF 

i - A 
sc 

Equations  3.116  through  3.118  seem  to  indicate  that  the  con- 
ductor would  intercept  no  current  if  its  height  were  brought  down 
to  zero,  a result  at  variance  with  Equation  3.114.  Equations 
3.116  through  3.118  are  based  on  the  premise  that  the  conductor 
is  an  infinitesimally  thin  cylinder,  one  that  does  not  disturb 
the  incident  electric  field.  This  premise,  of  course,  is  not 
true . 

For  cylinders,  the  intercepted  current  can  be  expressed  in 
the  format 


i = Kid 


dE 
u 

dt 


(3.119) 


where 


Z = conductor  length  - m 
d = conductor  diameter  - cm 


E = undisturbed  electric  field  - V/m 
u 


t = ys 

and  where  K,  a function  of  h/d,  is  as  given  in  Figure  3.28. 
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Figure  3.28  Conductor  Height  Factor 
3.4.3  Connecting  the  Sources  to  the  LPM  Model 

Inserting  the  voltage  and  current  sources  directly  into  the 
LPM  model  as  shown  in  Figures  3.24  and  3.29  is  a perfectly  accept- 
able way  of  treating  those  sources,  but  this  insertion  suffers 
from  one  defect  that  is  more  a limitation  of  the  ECAP  computer 
program  than  of  the  models  themselves.  The  problem  is  illustrated 
in  Figure  3.30.  In  ECAP,  time-dependent  sources  can  be  described 
by  specifying  the  amplitude  at  a number  of  equally  spaced  time 
intervals.  The  maximum  number  of  intervals  permitted  is  40. 

The  voltage  and  current  sources  described  so  far  use  the  deriva- 
tives of  the  internal  electric  and  magnetic  fields,  waveshapes 
that  are  inherently  more  complex  than  is  the  field  itself.  To 
specify  those  waveforms  with  an  equally  spaced  set  of  intervals 
becomes  difficult.  For  example.  Figure  3.30a  shows  a typical 
derivative  of  an  assumed  electric  field.  The  ECAP  program  assumes 
the  time-dependent  source  to  be  composed  of  linear  segments  between 
the  times  at  which  the  wave  is  sampled.  If  the  wave  is  sampled 
at  widely  separated  points,  (Figure  3.30b),  in  order  to  minimize 
the  amount  of  input  data  needed,  the  sampled  waveform  is  a poor 
construction  of  the  original  waveform.  If  it  is  sampled  more 
frequently,  (Figure  3.30c),  the  waveform  is  described  better, 
but  the  number  of  sampling  points  increases  and  frequently  exceeds 
the  available  40  points  that  ECAP  provides. 

A way  to  avoid  that  problem  is  through  the  use  of  auxiliary 
circuits  and  the  provision  in  ECAP  for  dependent  current  sources, 
current  sources  where  amplitude  and  waveshape  are  controlled  by 
the  current  in  another  branch.  In  place  of  the  independent  voltage 
generator  shown  in  Figure  3.24,  one  can  use  a dependent  current 
source,  T,  connected  across  a resistor,  as  shown  in  Figure  3.31a. 

If  Ea , in  volts,  in  the  auxiliary  circuit  of  Figure  3.31b  is  made 
numerically  equal  to  the  magnetic  field  intensity  H,  in  amperes 
per  meter,  and 
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Figure  3.31  The  Use  of  Auxiliary  Circuits 

(a)  A Way  of  Representing 
Magnetic  Field  Effects 

(b)  An  Auxiliary  Circuit  to 
Control  T1 

(c)  An  Alternate  Way  of 
Representing  Magnetic 
Field  Effects 

(d)  A Way  of  Representing 
Electric  Field  Effects 

(e)  An  Auxiliary  Circuit  to 
Control  T2 


C = 1.26  x 10~2  Jlh 

am 


(3.120) 
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where 


a = m 


h = cm 


and  if  Ra  is  made  very  small,  then  the  auxiliary  current,  ia,  in 
amperes,  is  numerically  equal  to  e,  as  predicted  by  Equation  3.112. 
If  the  dependent  current  12  is  made 


(3.121) 


then  that  voltage  will  be  inserted  in  the  LPM  Model.  Ra  in  the 
auxiliary  circuit  is  needed  only  to  satisfy  the  required  ECAP 
topology.  Ra  should  be  sufficiently  small  that  the  time  constant 
RaCa  is  small  compared  to  the  duration  of  the  magnetic  field. 
Frequently,  the  resistor  R in  the  LPM  model  can  be  one  of  the 
resistors  used  to  represent  conductor  resistance.  R should  be 
small  compared  to  the  impedance  of  the  rest  of  the  circuit.  If 
it  is  not,  part  of  the  dependent  current  will  flow  into  the  rest 
of  the  circuit  and  the  correct  voltage  will  not  be  developed. 

Another  way  that  the  problem  in  Fiqure  3.30  can  be  avoided 
is  shown  in  Figure  3.31c.  If  the  independent  current,  I,  is 
made  the  same  waveshape  as  the  magnetic  field,  and  of  amplitude 


I = 1-.26  x 10  2 £h  H (3.122) 

L 


then  that  current  will  produce  the  same  voltage  as  the  magnetic 
field.  La  should  be  small  compared  to  the  rest  of  the  circuit 
impedance. 

Figures  3.31d  and  3.31e  show  how  to  represent  the  electric 
field  effects.  The  dependent  current  source  T injects  into  the 
circuit  a current  12  equal  in  amplitude  and  waveshape  to  ia  in 
the  auxiliary  circuit.  If  Ea,  in  volts,  is  made  numerically 
equal  to  the  electric  field  intensity,  E,  in  volts  per  meter,  and 
if 


c =*  Ktd 
ae 


(3.123) 
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where 


the  i-2  will  be  as  called  for  in  Equation  3.119. 
the  same  quantities  as  in  Equation  3.119. 


K,  l,  and  d are 


3.5  AN  ILLUSTRATED  EXAMPLE  OF  AN  EQUIVALENT  CIRCUIT 

3.5.1  Inductance  and  Capacitance 

It  is  now  possible  to  evaluate  the  equivalent  circuits  and 
equivalent  sources  for  the  illustrative  sample  illustrated  in 
Figures  3.20  through  3.23.  Normally,  in  an  analysis  of  lightning 
effects,  one  must,  of  necessity,  assume  that  the  electric  and 
magnetic  fields  are  uniform  over  large  sections  of  the  cable. 
Sometimes  a physical  examination  of  the  system  will  indicate  that 
this  is  too  gross  a simplification  to  tolerate.  In  Figure  3.21 
there  is  shown  such  a case.  Run  A of  the  cable  in  Zone  A is 
assumed  to  be  in  some  sort  of  a cable  tray.  That  cable  tray 
will  provide  some  shielding  for  the  cable  and  will  have  an 
effect  upon  the  impedance  of  the  cable.  The  conductor  in  the  tray 
will  have  an  impedance  somewhere  between  that  of  a concentric 
geometry  and  a conductor  over  a flat  plane.  As  it  happens,  the 
impedance  of  a conductor  in  a tray  like  this  is  a geometry  for 
which  an  exact  expression  has  been  given.  That  expression  is 


Z = 60  Jin 


4 w Tanh  nh 
ird 


(3.124) 


where 

W = width  of  tray,  8 cm 
h = height  of  conductor,  3 cm 
d = diameter  of  conductor,  1.5  cm 
predicts  the  impedance  to  be 

Z = 103  fl 

from  which,  by  Equations  3.53  and  3.56 

C = 32.2  pF/m 
L = 0.345  yH/m 
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TABLE  3.1 


IMPEDANCE  PARAMETERS  FOR  THE  COUPLED  LINES 
Bn  = 42.6  m/nF 

B12  = B21  = 19-78  m/nF 

B^2  = 46.6  m/nf 

D = 42.6  x 46.6  - 19.78  x 19.78  = 1593.9 

Ki;l  = 0.0292  nF/m  = 29.2  pF/m 

K12  = -12.41  pF/m 

K22  = 26.7  pF/m 

C,  = 29.2  - 12.41  = 16.8  pF/m 

ig 

= 67.2  pF  for  4 m 

C2g  = 26.7  - 12.41  = 14.3  pF/m 

= 57.2  pF  for  4 m 

C^2  = 12.41  pF/m  = 49.6  pF  for  4 m 

F11  = °-4734  l**1/1" 

F12  = 0.2197  yH/m 

F22  = 0.5181  yH/m 

Lgl  = 0.4737  + 0.2197  = 0.693  yH/m 

= 2.77  yH  for  4 m 


Lg2  = 0.5181  + 0.2197  = 0.783  yH/m 

= 2.95  yH  for  4 m 


M = 0.2197  yH/m  = 0.879  yH  for  4 m 

(Calculations  were  made  with  the  values  and  K22  reversed,  an 
error  that  resulted  in  C^q  = 14.3  pF  and  C29  = 16.8  pF.  This  type 
of  error  carried  through  all  the  calculations.  Its  effects  on 
calculated  results  is  not  very  large,  since  the  values  are  nearly 
equal . ) 
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If  such  an  expression  were  not  known,  one  could  reason  that 
the  conductor  should  have  an  impedance  somewhat  like  that  of  a 
conductor  enclosed  in  a concentric  return  path,  coaxial  geometry. 

The  spacing  to  the  return  path  could  be  evaluated  with  a bit  of 
insight  into  the  patterns  of  the  electric  and  magnetic  fields. 

One  can  reason  that  the  relatively  close  spacing  of  the  conductor 
to  the  bottom  of  the  tray  is  offset  by  the  fact  that  there  is  no 
cover  on  the  tray.  Accordingly,  if  one  makes  a calculation  assuming 
that  the  equivalent  concentric  geometry  is  as  shown  in  Figure  3.32, 
one  calculates  the  surge  impedance  Z as  100.5  £},  a value  very  close 
to  that  predicted  by  Equation  3.123.  The  inductance  and  capaci- 
tance then  turn  out  to  be 

C = 33.2  pF/m 
L = 0.335  yH/m 

On  the  other  hand,  if  one  assumes  that  the  geometry  is  like 
that  of  a conductor  over  a ground  plane,  where  d = 1.5  cm  and  h = 

3 cm,  then  the  inductance  and  capacitance  turn  out  to  be 

C = 26.9  pF/m 

L = 0.413  yH/m 


Figure  3.32  Equivalent  Concentric  Geometry 
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Since  Run  A is  only  0.5  m long,  it  can  be  assumed  that  the  induc- 
tance and  capacitance  are 


C = 16.8  pf 
L = 0.17  yH 

For  Run  B in  Zone  A,  assume  that  the  geometry  is  that  of  a 
conductor  over  a flat  ground  plan  with  dimensions  d = 1.5  cm, 
h = 4 cm  and  Z = 2 m.  The  inductance  and  capacitance  of  this 
section  then  turn  out  to  be 

C = 47.2  pF 
L = 0.49  yH 

In  Zone  B the  geometry  is  again  that  of  a conductor  over  a 
flat  ground  plane  and  with  dimensions  d = 1.5  cm,  h = 6 cm,  and 
Z = 6 m,  the  inductance  and  capacitance  are 

C = 120.5  pF 

L = 3.32  yH 

In  Zone  C there  are  coupled  conductors  with  which  to  deal. 
Designate  the  conductor  extending  fore  to  aft  as  Conductor  1 and 
the  conductor  entirely  in  Zone  C as  Conductor  2.  The  calculations 
that  define  the  parameters  of  the  equivalent  circuit,  then,  are 
as  shown  on  Table  3.1. 

For  the  uncoupled  section  where  d = 1.5  cm,  Z = 4 cm,  and 
Z = 1 m,  the  capacitance  and  inductance  are 

C = 23.6  pF 

L = 0.472  yH 

If  those  impedances  are  connected  together,  the  equivalent 
circuit  of  Figure  3.33  results.  The  impedances  at  the  ends  of  the 
line,  Zi  through  Z4 , are  for  the  moment  just  arbitrary  impedances. 

If  the  impedances  of  the  larger  lumps  are  divided  into  two  Pi 
sections  and  the  capacitances  of  all  sections  placed  at  the  ends 
of  the  Pi  section,  the  equivalent  circuit  of  Figure  3.34  develops. 
The  capacitances  at  the  ends  of  the  individual  lumps  can,  of 
course,  be  connected  in  parallel.  When  this  is  done,  the  equivalent 
circuit  of  Figure  3.35  develops. 

3.5.2  Driving  Sources 

In  the  next  step  of  the  analysis,  one  must  determine  the 
voltage  and  current  sources  acting  upon  the  network  and  place 
those  sources  into  the  network.  These  sources  are,  of  course, 
functions  of  the  electric  and  magnetic  fields. 
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Figure  3.35  Capacitances  at  Ends  of  Lumps  Combined 


Figure  3.36  shows  in  more  detail  the  electric  field  in  Zone 
A.  In  the  cable  tray,  the  electric  field  will  be  less  than  the 
ruling  electric  field  for  Zone  A.  For  purposes  of  this  analysis, 
it  is  arbitrarily  assumed  that  the  undisturbed  electric  field  in 
the  tray  is  one-half  of  the  electric  field  in  the  rest  of  the  zone, 
with  dimensions  £ = 0.5  m,  d = 1.5  cm,  and  h = 3 cm  from  Figure 
3.28,  where  h/d  =2,  K = 2.7  x 10“^.  During  the  first  microsecond, 
where  the  electric  field  is  changing  at  the  rate  of  1000  V/m*ys, 
the  current  induced  by  this  field  will  be,  from  Equation  3.119 


i = K£d  (3.125) 

A at 


i = 2.7  x 10”7  x 0.5  x 1.5  x 1/2  x 103  (3.126) 


i = 1.013  x 10-4  A 
A 

For  Run  B the  conductor  is  assumed  to  be  exposed  to  the  full 
electric  field  Eu,  with  £ = 2 m,  d = 1.5  cm,  h = 4 cm  and  h/d  = 
2.67,  K = 3.1  x 10“7.  The  current  induced  by  the  field  is 

iB  = 3.1  x 10-7  x 2 x 1.5  x 103  = 9.30  x 10_4  A (3.127) 

The  total  current  induced  by  the  electric  field  is  the  sum  of  the 
currents : 


Figure  3.36  Electric  Field  Effects  in  Zone  A 

(a)  Electric  Field 

(b)  Injected  Current 


i = i + i = (1.013  x 9.30)  x lo"4  = 1.03  x lo“3  A (3.128) 

A B 

The  current  during  the  period  when  the  electric  field  is  decaying 
will  be  less  but  will  last  longer.  The  shape  of  the  total  current 
is  indicated  in  Figure  3.36b.  The  figure  also  indicates  the 
current-time  product  of  the  various  portions  of  the  current  waveform. 

The  magnetic  field  in  Zone  A is  shown  in  Figure  3.37a.  If 
it  is  assumed  that  the  magnetic  field  in  the  cable  tray  is  one- 
half  of  the  undisturbed  magnetic  field  for  the  zone,  tht.  the 
voltage  induced  in  Run  A by  the  portion  of  the  magnetic  field 
changing  at  the  rate  of  1000  A/m*ys  is 

e = 1.26  x 10-2  £h  g.  (3.129) 

A at 


100 


IS 


Figure  3.37  Magnetic  Field  Effects  in  Zone  A 

(a)  Magnetic  Field 

(b)  Injected  Voltage 


e.  = 1.26 

A 


xlO  x 0.:>  x 3 x 1/2  x 10 


9.45  V 


(3.130) 


In  Run  B,  where  the  magnetic  field  is  assumed  to  be  equal  to  the 
undisturbed  magnetic  field 


-2  3 
e„  * 1.26  x 10  x 2 x 4 x 10 
B 


100.8  V 


(3.131) 


The  total  voltage  is 


e = e 


+ e_  = 110  V 


(3.132) 


Similar  analysis  for  the  other  portions  of  the  magnetic  field 
indicates  that  the  total  voltage  induced  by  the  changing  magnetic 
field  will  be  as  shown  in  Figure  3.37b.  The  magnetic  fields  in 
Zones  B and  C are  shown  in  Figures  3.38a  and  3.39a  respectively. 
The  corresponding  voltages  are  shown  in  Figures  3.38b  and  3.39b. 
Only  the  voltage  in  Conductor  1 in  Zone  A is  shown.  The  voltage 
induced  in  Conductor  2 would  be  of  the  same  waveshape,  but  of 
0.101  V peak  amplitude. 


Figures  3.40  and  3.41  show  how  these  current  and  voltage 
sources  can  be  integrated  into  the  equivalent  circuit.  The  elec- 
tric field  effects  in  Zone  A are  represented  by  the  dependent 
current  source  Tl.  The  magnetic  field  effects  are  represented 
by  the  dependent  current  sources  T2,  T3 , and  T4 , connected  across 
1 ft  resistors  inserted  in  series  with  the  conductor.  The  purpose 
of  T5  and  T6  will  be  explained  later.  The  auxiliary  circuits 
used  to  energize  these  dependent  current  sources  are  shown  in 
Figure  3.41. 


Figure  3.38  Magnetic  Field  Effects  in  Zone  B 

(a)  Magnetic  Field 

(b)  Injected  Voltage 
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Figure  3.40  Component  Values  of  Equivalent  Circuit 
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1.13  pF  0.110  uF  0.454  uF  0.252  u F 


(a)  (b)  (c)  (d) 


Figure  3.41  Component  Values  of  Equivalent 
Circuit  (Auxiliary  Circuits) 

(a)  Circuit  Used  to  Excite  Tl 

(b)  Circuit  Used  to  Excite  T2 

(c)  Circuit  Used  to  Excite  T3 

(d)  Circuit  Used  to  Excite  T4 

Cae  is  that  capacitance  through  which  1.03  x 10“3  a will  flow 
when  a voltage  changing  at  the  rate  of  1000  A/ys  is  connected 
across  it. 


c 

ae 


i 

dE/dt 


1.03  x 10 
103  V/ys 


1.03  x 10 


yF 


(3.133) 


c = 1.03  pF  (3.134) 

ae 


Cam-a  is  that  capacitance  through  which  110  A will  flow  when 
a voltage  changing  at  the  rate  of  1000  V/ys  is  connected  across  it. 


c 


am -a 


= 110  x 10~3  yF  = 0.110  yF 

io3 


(3.135) 


Similar  analysis  gives  the  values  of  and  Cam_c. 
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3.5.3  Problems  Regarding  Mutual  Inductance 

T5  and  T6  in  Figure  3.40  are  used  to  represent  the  effects 
of  mutual  inductance  between  the  conductors  in  Zone  C.  ECAP  can 
operate  in  either  the  frequency  domain  or  the  time  domain.  When 
operating  in  the  frequency  domain,  mutual  inductance  can  be  repre- 
sented; but  when  operating  in  the  time  or  transient  analysis  domain, 
mutual  inductance  cannot  be  represented.  The  limitation  on  the 
simulation  of  mutual  inductance  is  rather  serious,  and  some  arti- 
fice for  getting  around  the  limitation  is  necessary.  In  principle, 
one  can  simulate  mutual  inductance  in  a network  solution  program 
through  the  use  of  dependent  current  generators.  Figure  3.42  shows 
how  such  generators  may  be  used.  Figure  3.42a  shows  one-way 
coupling,  in  this  case  coupling  from  Conductor  1 into  Conductor  2. 
This  form  of  coupling  is  generally  adequate  if  the  circuits  are 
loosely  coupled  with  the  current  in  Conductor  2 being  dependent 
on  the  current  in  Conductor  1;  whereas,  the  current  in  Conductor  1 
is  primarily  controlled  by  outside  elements  and  not  really  capable 
of  being  influenced  by  the  current  in  Conductor  2.  Frequently, 
this  is  a realistic  assumption.  Simulation  of  one-way  coupling 
in  this  manner  has  the  major  virtue  that  it  seems  to  yield 
numerically  stable  results  when  used  in  this  circuit  solution 
program. 


' M 


(a) 


Figure  3.42  Representation  of  Mutual  Inductance 
with  Dependent  Current  Generators 

(a)  One-Way  Coupling  (Generally  Stable) 

(b)  Two-Way  Coupling  (Potentially  Unstable) 
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Since  mutual  inductance  causes  coupling  both  ways  between 
circuits,  it  would  be  better,  in  principle,  to  use  two-way 
coupling  with  two  separate  dependent  current  generators,  as  in 
Figure  3.42b.  In  the  cases  to  date  where  this  procedure  has 
been  tried  in  circuit  calculations  using  ECAP,  only  unstable 
answers  have  been  yielded.  Whether  these  unstable  solutions  are 
characteristic  of  cross-coupled  dependent  current  generators  is 
not  known.  At  any  rate,  the  numerical  instabilities  encountered 
so  far  have  been  sufficiently  serious  that  only  one-way  coupling 
has  been  attempted  in  the  analysis  of  these  circuits. 


3.6  ECAP  ANALYSIS  OF  THE  CIRCUIT 

This  report  cannot  be  considered  as  a complete  course  in  the 
operation  of  the  ECAP  Program.  For  that  the  reader  is  referred 
to  the  literature.  This  report,  however,  will  show  how  this 
particular  circuit  was  analyzed  with  the  aid  of  ECAP.  The  version 
of  ECAP  used  is  that  resident  in  the  General  Electric  Mark  III 
Information  Processing  System,  a time-sharing  system.  Other 
versions  of  ECAP  may  differ  in  some  respects. 

3.6.1  The  ECAP  Data  File 

The  input  data  to  ECAP  are  a series  of  statements  which  define 
the  circuit  as  a series  of  branches  interconnecting  a series  of 
nodes.  A branch  is  defined  as  one  circuit  element,  R,  L,  C,  or  M. 

A node  is  defined  as  a junction  of  two  or  more  circuit  elements. 

A branch  may,  but  need  not,  have  a voltage  source  in  series  with 
it  or  a current  source  connected  in  shunt.  The  order  in  which 
branches  and  nodes  are  numbered  is  arbitrary,  though  in  some  cases 
a particular  ordering  of  node  and  branch  numbers  may  result  in 
better  numerical  stability.  The  first  step  in  the  analysis  is 
thus  to  number  the  nodes  and  branches.  This  is  done  in  Figures 
3.43  and  3.44. 


Figure  3.43  Nodes  and  Branches  Numbered  for  ECAP 
Analysis  (Main  Circuit) 
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Figure  3.44  Nodes  and  Branches  Numbered  for  ECAP 
Analysis  (Auxiliary  Circuits) 


The  next  step  in  the  analysis  is  to  prepare  the  data  file 
that  describes  the  circuit  and  supplies  the  commands  necessary 
to  operate  the  ECAP  Program.  The  data  file  describing  the  cir- 
cuit in  Figures  3.40,  3.41,  3.42,  and  3.44  is  shown  in  Figure 
3.45.  It  will  be  described  on  a line-by-line  basis  to  indicate 
what  the  various  statements  mean  and  do. 


Line  1000  - This  is  a comment  line  and  does  not  affect  the 
program. 

Line  1010  - This  specifies  that  a time  domain  solution  is  to 
be  made.  Frequency  and  dc  solutions  can  also  be 
done . 

Line  1020  - This  specifies  that  the  transient  solution  is  to 
be  done  in  a step-by-step  manner  with  each  time 
step  being  0.05  us.  The  time  step  should  be  small 
compared  to  the  natural  time  constants  of  the 
system.  Barring  previous  knowledge  of  the  system 
response,  one  is  forced  to  make  an  arbitrary 
guess  as  to  what  is  a satisfactorily  small  time 
step.  If  subsequent  calculations  with  smaller 
time  steps  give  similar  results,  then,  presumably, 
the  original  time  step  was  satisfactory.  Exper- 
ience with  circuits  and  circuit  solutions  helps 
considerably. 

Line  1030  - This  specifies  that  the  results  of  calculations 
are  to  be  printed  after  each  time  step  calcula- 
tion, i.e.,  at  0.05  us  intervals.  If  the  line 
had  read  "output  interval  = 5",  then  the  data 
would  still  have  been  calculated  at  0.05  us 
intervals,  but  the  circuit  response  would  have 
been  printed  after  every  fifth  interval,  i.e., 
at  0.25  us  intervals. 
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READ* 

LIST 


AFFILE  1 3 ■ I 1EDT  14/18/77 

Iff?  C CABLE  RUNNING  BETWEEN  ZONES  A AND  C 

1810  TRANSIENT  ANALYSIS 

1020  TINE  STEP-.03E-4 

1030  OUTPUT  INTERVAL1 1 

1040  FINISH-5E-6 

1030  1 ERROR *1 

1040  B1  N ( 1 . 0) . R- 1000 

1070  B2  N ( 1 i0) .C-8.4E-I2 

1080  B3  N ( 1 ,2) .L- . 1 7E-6 

1090  B4  N12.0) .C-32.0E-12 

1100  B3  N <2 >3) ,L* .94E-6 

1110  B4  N(3.4> >Ral 

1120  B7  N(4,0>  .C-63.8E-12 

1130  88  N(4,3) »L-1 . 66E-6 

1140  B9  N15.0) .C-40.2E-12 

1130  B10  N ( 5 i 4) »L- 1 . 66E-6 

1160  Bll  N(6.7)  » R-  1 

1170  B12  N(7.0).C-39.3E-12 

1180  B13  N(7.8) .L-I.39E-6 

1190  B14  N(8i0)>C>19.1E-12 

1200  B13  N(8»9>  »L- 1 . 39E-6 

1210  B16  N(9> 10) .R- 1 

1220  B17  N(10.0) .C-30.9E-12 

1230  B18  N( 10, 1 1 ) ,L- . 47E-6 

1240  B19  N ( 1 1 .0 > ,C- 1 1 . 8E- 12 

1230  B20  N ( 1 1 ,0) ,R- 1000 

1260  B2 1 NI7.12) .C-16.SE-12 

1270  B22  N<8. 13) .C-14.6E-12 

1280  B23  N(I0,14).C-16.3E-12 

1290  B24  N ( 1 2 .0 > .R-1000 

1300  B23  N< 12.0) .C-22.4E-12 

1310  B26  N( 13,0) •C*22.4E-12 

1320  B27  N ( 1 4 . 0 ) ,C*22.4E-12 

1330  B28  N( 14*0) .R* 1000 

1340  B29  NI12.13) .L-1.47E-6 

1330  B30  N( 13. 14) .L-l .48E-6 

1360  B31  N(0.15).C>1.13E-12 

1370  B32  N( 13.0) .R".001 

1380  B33  N (0. 16) .C-.110E-4 

1390  B34  NII6.0) .R-.001 

1400  833  N/0.17),C-.454£-4 

1410  B36  N( 17.0) .Ra .001 

1420  B37  N(0, 18) .Ca*232E~6 

1430  B38  N( 18.0) >Ra.001 

1440  T 1 8(32.4) >DETAal .0 

1430  T2  B(34. 6). BETA-1. 0 

1460  T3  8(36. Ill .BETA-1. 0 

1470  T4  8(38. 16) , BETA-1 .0 

1480  T3  8(13.29) .BETA-. 299 

1490  T6  8(16. 30). BETA-. 299 

1300  £31(20) .0.1000.1000.1000.1000,1000.930.900.830.800.730.700.430. 
1310  •600.330.300.430.400.330.300.230,200.130.100.50,0 
1330  E33 (20) ,0,1000. 730. 300. 250. 0.-250. -500. -480. -440. -440, -420. -400. 
1340  t-380. -360. -340, -320. -300. -280, -260. -240. -220. -200. -180, -160. -140. 
1330  *-120. -100, -80, -40 .-40, -20.0 

1360  E33 (40), 0,200. 192. 184. 174. 168. 160. 132. 144, 136. 128. 120. 112. 104. 

1370  •96,88.80.72,64,56.48,40,32,24.16.8.0 

1390  £37(2000), 0.0. 3, 0.43.. 40.. 35.. 30,. 25,. 20.. 13,. 10.. 05,0 

1610  TAB.NV(l) 

1620  PLOT. NV(1. Ill 
1630  BINARY, NV.CA 
1640  -TYPE 
1630  EXECUTE 


Figure  3.45  ECAP  Data  File 


100 


Line  1040 


Line  1050 


Lines  1060 
to  1430 


Lines  1060, 
1250,  1290, 
1330 

Lines  1440 
to  1470 


Lines  1480 
to  1490 


This  specifies  that  the  calculations  will  end 
at  5.0  ys.  In  connection  with  lines  1020  and 
1030,  it  implies  that  there  will  be  100  lines 
of  output  data  printed. 

This  controls  the  degree  to  which  the  network 
solutions  must  converge  before  the  calculations 
for  each  time  step  have  been  completed.  For 
each  time  step,  ECAP  makes  a prediction  of  the 
new  voltage  at  each  node  and  the  current  in 
each  branch,  and  then  performs  an  analysis  to 
see  if  such  predictions  satisfy  Kirchoff's 
laws,  at  least  to  the  desired  tolerance.  That 
analysis  consists  of  taking  the  sum  over  all 
the  nodes  of  the  absolute  value  of  the  current 
unbalance  at  each  of  the  nodes.  A command  "1 
error  =1"  specifies  that  this  unbalance  must 
not  exceed  1.0  A.  If  the  unbalance  exceeds  1.0  A, 
calculations  are  repeated  until  the  required 
convergence  is  reached.  The  smaller  the  allowa- 
ble error,  the  more  accurate  will  be  (presumably) 
the  results,  but  the  longer  will  be  the  running 
time.  Again,  about  the  best  guide  to  the  allow- 
able error  is  experience. 

These  specify  the  method  of  interconnection  of 
the  various  branches  and  the  values  of  the  circuit 
components  in  the  various  branches.  For  example, 
Line  1100  specifies  that  Branch  5 is  composed  of 
an  inductance  of  0.94  yH  connected  between  Nodes 
2 and  3.  The  positive  sense  of  the  branch  is 
from  Node  2 to  Node  3. 

In  these  lines,  the  impedance  Z1-Z4  at  the  ends 
of  the  lines  were  taken  to  be  1000  ft. 


These  are  the  dependent  current  sources  that 
represent  the  voltage  and  current  sources.  Line 
1440,  for  example,  specifies  that  T1  is  a de- 
pendent current  source  connected  in  parallel  with 
Branch  4,  whose  waveshape  and  amplitude  are  equal 
to  those  of  the  current  in  Branch  36.  T1  happens 
to  represent  the  current  injected  into  the  system 
by  the  electric  field  in  Zone  A. 

These  are  the  dependent  current  sources  that 
represent  the  magnetic  coupling  from  Conductor  1 
into  Conductor  2. 
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Lines  1500 
to  1510 


Lines  1530 
to  1550 


Lines  1560 
to  1570 


Line  1590 


Line  1610 


Line  1620 


Line  1630 


Line  1640 


Line  1650 


These  specify  the  voltage  source  that  excites  the 
auxiliary  circuit  that  controls  dependent  current 
source  Tl.  The  voltage  is  made  numerically  equal 
to  the  electric  field  strength  in  Zone  A.  The 
voltage  is  specified  at  intervals  of  1 ys  20 
times  the  width  of  the  basic  time  step  specified 
in  Line  1020. 

These  specify  the  voltage  source  that  represents 
the  magnetic  field  effects  in  Zone  A.  It  also 
is  specified  at  1 ys  intervals. 

The  voltage  source  representing  the  magnetic  field 
in  Zone  B is  specified  at  2 ys  intervals  40  x 
0.05  ys. 

The  voltage  source  representing  the  magnetic 
field  in  Zone  C is  specified  at  100  ys  intervals, 
2000  x 0.05  ys. 

This  is  a command  to  tabulate  on  the  printer  the 
voltage  at  Node  1.  One  could  also  cause  a tabu- 
lation of  the  current  in  Branches  X and  Y by  a 
command  of  the  form  TAB,  CA(X,Y) . The  operation 
of  ECAP,  as  implemented  on  the  GE  time-sharing 
service,  requires  that  at  least  one  quantity  be 
tabulated. 

This  is  a command  to  plot  the  voltages  at  Nodes 
1 and  2.  The  plotting  is  done  under  the  control 
of  an  auxiliary  program,  TRPLOT , to  which  GE's 
ECAP  transfers  automatically.  The  plotting  is 
done  on  the  printer.  Other  users  of  ECAP  may 
have  other  plotting  devices  and  routines  which 
may  be  used. 

This  specifies  that  all  node  voltages  and  branch 
currents  are  written,  for  each  output  interval, 
into  a binary  sequential  file.  It  is  from  this 
file  that  the  plotting  routine,  TRPLOT,  reads 
the  data  to  be  plotted. 

This  instruction  ensures  that  output  data  is 
printed  on  the  printer.  An  instruction  "NOPRINT" 
suppresses  printing. 

This  instruction  tells  ECAP  to  begin  work. 


3.6.2  Output  Data  from  ECAP 


Several  sets  of  output  data  from  ECAP  are  shown  in  Figures 
3.46  through  3.54.  The  conditions  under  which  the  data  are  calcu- 
lated and  the  quantities  plotted  are  indicated  on  the  figures. 
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Terminations  - Current 


Figures  3.46  through  3.48  show  the  performance  if  the  lines 
are  terminated  in  1000  ft  resistors.  Figure  3.46  shows  the  current 
at  the  center  of  Conductor  1.  Three  distinct  transitions  are  shown. 
From  0 - 1 us,  the  current  is  produced  predominantly  by  the  initial 
rising  portion  of  the  magnetic  field  in  Zone  A,  Figure  36a.  The 
rising  magnetic  field  in  Zone  B,  (Figure  3.38a),  also  contributes 
some  current.  At  1 yis  the  magnetic  field  in  Zone  A makes  a transi- 
tion and  begins  to  go  negative.  This  drives  the  current  towards 
zero,  but  the  rising  portion  of  the  field  in  Zone  B keeps  the 
current  from  being  driven  negatively.  At  2 vis  the  field  in  Zone 
B also  begins  to  decay.  The  two  negative-going  fields  hold  the 
current  at  the  indicated  negative  value  for  as  long  as  the 
calculations  are  made.  If  calculations  had  been  carried  past  7 
ys,  presumably  there  would  have  been  another  transition  at  7 ys  as 
the  field  in  Zone  A began  to  change  from  its  negative  value  back 
to  zero. 

Each  time  when  there  is  an  abrupt  discontinuity  in  the  mag- 
netic field,  an  oscillation  in  the  conductor  is  excited.  These 
oscillations  are  damped  by  the  circuit  resistance,  mostly  the 
resistance  at  the  ends  of  the  circuit. 

Figure  3.47  shows  the  voltages  at  the  ends  of  Conductor  1. 

Again  there  is  noted  a pattern  wherein  there  are  abrupt  transi- 
tions of  voltage  each  time  there  are  abrupt  transitions  in  the 
rate  of  change  of  the  magnetic  field.  At  each  transition  an 
oscillation  is  excited,  the  frequency  of  which  is  related  to 
the  inductance  and  capacitance  of  the  conductor.  Actually,  in 
this  lumped  constant  representation  of  the  current,  there  will 
be  excited  a number  of  frequencies,  but  the  time  step  at  which 
calculations  are  made  and  at  which  the  results  are  printed  is 
too  coarse  to  resolve  them. 

The  results  shown  on  Figure  3.48  might  be  checked  against 
some  elementary  reasoning.  Figures  3.37b  and  3.38b  show  that 
the  total  voltage  induced  in  the  conductor  is  155  V;  110  V in 
Zone  A and  45  V in  Zone  B.  If  there  is  nothing  to  force  an  un- 
equal distribution  of  voltage,  half  the  voltage  will  appear  at 
one  end  of  the  conductor  and  half  at  the  other  end.  Initially, 
the  different  inductances  and  capacitances  along  the  conductor 
prevent  such  a division,  but,  after  the  initial  oscillations  in 
the  line  have  died  out,  the  division  of  voltage  is  determined 
by  the  resistances  at  the  ends  of  the  conductor.  Since  those 
resistances  are  equal,  the  voltage  will  divide  equally.  Further- 
more, the  polarity  of  the  voltage  at  one  end  of  the  conductor  will 
be  opposite  to  the  polarity  at  the  other  end.  And  indeed,  after 
about  0.75  us,  the  voltage  on  Node  1 is  -78  V,  the  voltage  on  Node 
11  is  +77  V,  and  the  sum  of  the  voltages  is  the  155  V induced  by 
the  changing  magnetic  field. 
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Figure  3.48  shows  the  voltages  at  the  ends  of  Conductor  2. 

The  character  of  these  voltages  is  entirely  different  from  that 
of  the  voltage  on  Conductor  1.  First,  the  voltages  are  of  equal 
amplitude  and  equal  polarity.  Second,  the  voltages  are  different 
in  waveshape  from  the  voltages  on  Conductor  1.  The  shape  is 
characteristic  of  rhe  voltage  produced  across  a resistor  coupled 
through  a small  capacitor  to  a square  wave  generator.  This  is 
exactly  the  case  here.  The  coupling  from  Conductor  1 to  Conductor 
2 is  almost  entirely  capacitive.  A simplified  diagram  that  explains 
the  behavior  of  the  circuit  is  shown  in  Figure  3.49.  If  the  voltage 
aft  (NV  11)  were  a square  wave,  NV  12  or  NV  14  would  have  a peak 
voltage  of  33  V and  would  decay  with  a 0.06  ys  time  constant. 

Since  NV  11  has  a rounded  front,  NV  12  and  NV  14  are  less  than  33  V. 

Figures  3.50  and  3.51  show  the  circuit  response  when  the  ends 
of  the  conductors  are  shorted  to  ground  through  0.01  fi  resistors. 

To  make  this  circuit  change,  the  resistances  in  lines  1060,  1250, 
1290,  and  1330,  were  changed  from  1000  ft  to  0.01  The  calcula- 

tion was  also  made  using  time  steps  of  0.025  ys.  The  current  was 
seen  to  be  proportional  to  the  integral  of  the  driving  voltage, 
and  since  that  voltage  was  proportional  to  the  derivative  of  the 
magnetic  field,  the  current  had  basically  the  same  waveshape  as 
the  magnetic  field. 


Figure  3.49  A Simplified  Equivalent  Circuit 
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A more  interesting  circuit  response  is  shown  in  Figures 
3.52,  3.53,  and  3.54.  Here  the  conductors  are  grounded  at  one 
end  and  open  at  the  other  end,  the  way  shields  on  conductors  are 
usually  treated.  Here  all  the  voltage  appears  at:  the  open  end 
of  Conductor  1 and  has  an  amplitude  about  twice  that  of  the 
driving  voltage.  The  voltages  and  currents  are  oscillatory  with 
a frequency  of  about  5 MHz.  The  frequency  is  consistent  with  the 
length  of  Conductor  1,  which  is  13.5  m long.  A conductor  grounded 
at  one  end  should  ring  as  a quarter-wave  stub,  in  this  case  at 
5.56  MHz.  Presumably,  the  coupling  of  Conductor  2 lowers  the 
ringing  frequency  to  some  degree. 

3.7  TREATMENT  OF  SHIELDED  CONDUCTORS 

The  discussion  so  far  has  dealt  with  the  response  of  a con- 
ductor, or  pair  of  conductors,  to  electric  and  magnetic  fields. 

Some  problems,  in  fact,  can  be  reduced  to  this  relatively  low 
level  of  complexity.  One  important  class  is  that  of  cable  bundles 
where  one  is  interested  in  predicting  the  total  cable  current. 

Most  problems  are  more  complicated.  One  important  class  of 
problems  of  greater  complexity  involves  the  question  of  what 
voltages  or  currents  are  coupled  into  shielded  conductors.  Some 
of  these  problems  can  be  treated  easily  with  a LPM  model  analysis; 
others  require  an  analysis  incorporating  sufficient  artifice  to 
make  the  analysis  difficult,  if  not  of  dubious  validity. 

In  order  to  illustrate  the  technique  of  LPM  analysis  of 
shielded  conductors.  Conductor  1 in  Figure  3.20  is  considered  to 
be  a coaxial  cable  of  50  fi  impedance  and  similar  in  characteris- 
tics to  RG  8/U.  The  method  of  analysis  that  will  be  used  is 
shown  in  Figure  3.54.  It  is  based  upon  the  observation  that  the 
propagation  of  signals  within  the  cable,  between  the  signal  con- 
ductor and  the  inside  surface  of  the  sheath,  is  independent 
(virtually)  of  the  propagation  external  to  the  cable.  These 
signals  are  sufficiently  separate  that,  for  many  classes  of 
problems,  the  propagation  internal  to  the  cable  can  be  treated 
with  one  analysis  and  the  propagation  external  to  the  cable 
treated  with  another  analysis.  The  relationship  between  the 
external  conditions  and  the  internal  conditions  is  made  through 
the  concept  of  transfer  impedance,  as  shown  in  Figure  3.55b  and 
3.55c.  The  transfer  impedance  is  that  impedance  which  relates 
the  voltages  developed  on  the  interior  of  the  shielded  conductor 
to  the  current  flowing  upon  the  outside  of  the  cable  sheath.  The 
subject  of  transfer  impedance  has  received  considerable  attention 
in  the  literature  and  therefore  will  not  be  dealt  with  in  this 
report.  For  many  applications  the  transfer  impedance  of  a shielded 
conductor  can  be  reduced  to  a resistance  in  series  with  an  induc- 
tance, as  shown  in  Figure  3.55b.  Sometimes  the  transfer  resistance 
is  frequency-dependent  due  to  skin  effects,  becoming  less  at  higher 
frequencies,  but  treating  the  transfer  resistance  as  being  equal 
to  the  dc  resistance  of  the  shield  of  the  conductor  is  usually 
a conservative  approach,  one  that  yields  more  coupling  into  the 
interior  than  would  a more  involved  frequency-dependent  resistance. 
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Figure  3.55  Treatment  of  a Shielded  Cable 

(a)  The  Total  Cable 

(b)  Factors  Governing  Propagation 
Internal  to  the  Sheath 

(c)  Factors  Governing  Propagation 
External  to  the  Sheath 

The  transfer  inductance  of  a conductor  with  a single  layer 
of  braided  shield  is  on  the  order  of  0.1  to  1 nH.  The  transfer 
impedance  is  a distributed  quantity,  but,  as  in  all  LPM  solutions, 
the  transfer  impedance  must  be  represented  as  a lumped  quantity. 
Experience  shows  that  frequently  it  is  satisfactory  to  put  all 
of  the  transfer  impedance  into  one  lump,  as  shown  in  Figure  3.55b. 
Experience  is  again  the  best  guideline  in  determining  how  many 
lumps  should  be  used.  Such  experience  is  best  gained  by  making 
analyses  with  the  distributed  transfer  impedance  represented  as 
bigger  or  smaller  lumps,  and  noting  whether  the  results  predicted 
by  the  different  analyses  are  sufficiently  different  to  warrant 
more  complex  equivalent  circuits. 

The  current  i'  that  is  passed  through  the  transfer  impedance 
is  determined  in  a different  LPM  model  representing  the  propagation 
characteristics  between  the  shield  and  ground,  as  shown  in  Figure 
3.55c. 
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For  purposes  of  this  analysis  we  will  assume  the  transfer 
resistance  and  inductance  of  the  cable  shield  to  be  4 mft  and 
0.25  nH/m,  figures  that  are  quoted  in  the  literature.  For  the 
13.5  m length  of  cable,  this  gives  a transfer  impedance  of 
0.054  ft  and  3.88  nH. 

If  it  is  assumed  that  the  shielded  conductor  is  of  50  ft 
impedance  and  insulated  with  polyethylene  of  relative  dielectric 
constant  2.3,  the  total  internal  inductance  and  capacitance  of 
the  cable  is,  from  Equations  3.57  and  3.58,  3.41  yH,  and  1364  pF. 
The  propagation  characteristics  external  to  the  cable  will  be 
taken  to  be  the  same  as  in  the  previous  analysis,  allowing  for 
the  fact  that  one  is  not  considering  the  coupled  Conductor  2 
to  be  present.  The  total  set  of  impedances  defining  the  cable 
system  is  then  as  shown  in  Figure  3.56a.  These  impedances  must 
then  be  broken  into  smaller  lumps.  The  degree  of  lumping  chosen 
for  this  analysis  is  shown  in  Figure  3.56b. 

The  final  equivalent  circuit  chosen  for  this  analysis  is 
shown  in  Figures  3.57  and  3.58.  Some  observations  about  this 
circuit  are  in  order.  First,  the  analysis  will  not  include  the 
effects  of  the  electric  field  in  Zone  A or  of  the  magnetic  field 
in  Zone  C.  Those  effects  seemed  to  have  little  effect  on  the 
total  cable  current.  The  dependent  current  sources  that  represent 
these  magnetic  fields  are  shown  as  T1  and  T2 . Those  dependent 
current  sources  are  driven  by  the  auxiliary  circuits  shown  at 
the  top  of  the  figure.  Second,  the  LC  network  that  represents 
the  propagation  external  to  the  cable  shield  is  shown  at  the 
bottom  of  the  figure.  Third,  the  LC  network  that  represents 
the  propagation  internal  to  the  cable  is  shown  in  the  center  of 
the  figures.  T3  is  the  dependent  current  source  that  energizes 
the  transfer  impedance  of  the  cable  shield.  T3  is  controlled  by 
the  current  in  Branch  9.  Branch  28,  the  1 Mft  resistor  connected 
between  Nodes  9 and  11,  is  a dummy  branch  required  to  satisfy  the 
ECAP  topology.  A dependent  current  source  cannot  be  connected 
across  a single  branch.  The  1 Mft  resistor  represents  that  branch. 
Fourth,  the  100  Mft  resistors,  Branches  19  and  34,  connected  across 
the  ends  of  the  cable,  serve  as  a means  of  measuring  the  voltage 
at  the  ends  of  the  cable.  The  plotting  routine  supplied  with  the 
GE  time-sharing  version  of  the  ECAP  does  not  allow  one  to  plot 
the  difference  in  voltage  between  two  nodes,  but  it  does  allow 
one  to  plot  the  current  through  a resistor  of  sufficiently  high 
resistance  so  that  it  does  not  affect  the  voltage.  Fifth,  the 
impedances  Z1  through  Z4  are  impedances,  the  values  of  which  may 
be  changed  as  appropriate  during  the  analysis. 

While  in  many  respects  the  interior  of  the  cable  shield  can 
be  treated  completely  separated  from  the  exterior  of  the  cable 
shield,  the  facts  of  the  matter  are  that  the  interior  and  exterior 
are  joined  at  the  ends  of  the  cable.  With  regard  to  the  physics 
of  the  situation,  then.  Nodes  1 and  9 represent  the  same  physical 
point  and  Nodes  8 and  11  represent  the  same  point.  In  the  analysis 
it  is  not  possible  to  directly  interconnect  these  pairs  of  nodes, 
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A Shielded  Cable 


(a)  Elementary 


(b)  More  Detailed 
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Figure  3.57  Component  Values  of  Equivalent  Circuit 

for,  if  they  were  connected,  Node  1 would  be  shorted  to  Node  8 
through  the  very  low  impedance  of  the  cable  shield.  Such  a con- 
nection would  prevent  calculation  of  the  propagation  of  current 
along  the  exterior  of  the  cable.  The  nodes  can  be  connected 
through  appropriate  resistances,  however,  to  satisfy  many  of  the 
conditions  that  must  be  modeled.  Branches  16  and  17  provide  for 
such  interconnections.  For  the  analysis  to  be  presented  here, 

Branch  16  will  be  treated  as  a high  impedance  resistor  having  no 
practical  effect  on  the  circuit,  while  Branch  17  will  be  treated 
as  a 0.01  ft  resistor,  a short  circuit. 

With  Z2  and  Z4  treated  as  open  circuits,  the  response  of  the 
circuit  becomes  as  shown  in  Figure  3.59,  3.60,  and  3.61.  Both 
the  physical  condition  of  the  circuit  and  the  way  that  the  circuit 
was  modeled  are  shown  on  the  figures.  The  current  on  the  outside 
of  the  sheath  was  calculated,  but  is  not  shown,  since  it  is  vir- 
tually identical  to  that  shown  in  Figure  3.52.  The  voltage  at  the 

open  end  of  the  sheath,  V35,  is  shown  in  Figure  3.59.  This  voltage 
is,  of  course,  very  similar  to  that  calculated  at  the  open  end  of 
the  conductor  when  the  conductor  was  not  treated  explicitly  as  a 

shield.  That  voltage  is  shown  in  Figure  3.53.  The  voltage  shown 

in  Figure  3.59  is  slightly  less  because  the  electric  field  effects 
were  not  modeled  for  the  circuit  of  Figure  3.59. 

The  voltage  between  the  signal  conductor  and  the  shield  at  the 
open  end,  V34 , is  shown  in  Figure  3.60.  That  voltage  is  much  smaller 
than  the  voltage  to  ground,  as  it  otherwise  would  be,  since  both 
the  signal  conductor  and  the  shield  are  exposed  to  virtually  the 
same  magnetic  field.  The  amount  of  leakage  through  the  shield, 
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Figure  3.58  Nodes  and  Branches  Numbered  for  ECAP  Analysis 
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represented  by  Branches  26  and  27  of  Figure  3.58,  excite  the  in- 
ternal oscillation  of  the  cable,  and  hence  the  voltage  of  Figure 
3.60  is  much  more  oscillatory  than  is  the  voltage  of  Figure  3.59. 
The  voltage  across  the  load  resistor  of  the  conductor,  V19,  is 
shown  on  Figure  3.61.  It  also  is  oscillatory  and  of  about  the  same 
magnitude  as  the  voltage  at  the  open  end  of  the  cable. 
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The  voltage  between  the  signal  conductor  and  the  shield  at 
the  open  end,  V34,  is  shown  in  Figure  3.60.  That  voltage  is  much 
smaller  than  the  voltage  to  ground,  as  it  otherwise  would  be, 
since  both  the  signal  conductor  and  the  shield  are  exposed  to 
virtually  the  same  magnetic  field.  The  amount  of  leakage  through 
the  shield,  represented  by  Branches  26  and  27  of  Figure  3.58, 
excite  the  internal  oscillation  of  the  cable,  and  hence  the 
voltage  of  Figure  3.60  is  much  more  oscillatory  than  is  the 
voltage  of  Figure  3.59.  The  voltage  across  the  load  resistor 
of  the  conductor,  V19,  is  shown  in  Figure  3.61.  It  also  is 
oscillatory  and  of  about  the  same  magnitude  as  the  voltage  at 
the  open  end  of  the  cable. 

The  voltages  between  the  signal  conductor  and  the  sheath  in 
the  previous  examples  were  relatively  low  because  the  only  means 
of  coupling  voltage  or  current  onto  the  center  conductor  was  through 
the  transfer  impedance  of  the  cable.  There  are  other  means,  how- 
ever, whereby  voltages  can  be  coupled  to  the  signal  conductor. 

One  of  these  procedures  is  shown  in  Figure  3.62.  The  signal 
conductor  is  connected  to  ground  through  a 400  pF  capacitance, 
a capacitance  that  would  not  be  unreasonable  for  stray  capacitance 
in  some  kinds  of  hardware.  Since  the  shield  to  ground  voltage 
at  the  open  end  of  the  cable,  V35,  shown  in  Figure  3.59,  is  high, 
and  the  voltage  between  the  signal  conductor  and  the  shield,  V35, 
shown  in  Figure  3.60,  is  low,  it  follows  that  the  voltage  from 
the  signal  conductor  to  ground  must  also  be  high.  As  a result, 
current  flows  through  the  capacitor,  and  that  current  must  then 
pass  through  the  load  resistance  of  the  cable.  The  result  is 
that  much  higher  voltages  are  produced  across  the  load  resistor, 

V19.  The  current  through  the  capacitor,  CA35,  is  shown  in  Figure 
3.63. 

The  reason  that  one  must  provide  some  modeling  of  the  physical 
connection  between  the  inside  and  the  outside  of  the  shield  now 
becomes  more  apparent.  If  both  Branches  16  and  17  of  Figure  3.58 
were  absent,  the  voltage  to  ground  on  Node  11  would  be  indetermin- 
ate, and  hence  there  would  be  no  source  to  drive  the  current  through 
the  500  pF  capacitor  represented  by  Branch  35.  A limitation  of 
this  method  of  modeling  is  also  apparent.  If  Branch  18  at  the 
other  end  of  the  cable  were  a low  impedance,  there  would  be  no 
way  to  simultaneously  connect  Node  9 to  Node  1 and  to  connect 
Node  11  to  Node  8,  since  doing  so  would  provide  a virtual  short 
circuit  between  Node  1 and  Node  8.  As  a result,  one  must  then 
treat  problems  in  stages.  If  Branch  18  were  a low  impedance,  it 
would  be  necessary  to  run  a separate  calculation  with  Branch  16 
treated  as  a short  circuit  and  Branch  17  treated  as  an  open 
circuit,  and  then  to  combine  the  results.  Quite  possibly  this 
would  not  be  a completely  valid  method  of  analysis. 

A different  phenomenon  is  observed  if  both  ends  of  the  sheath 
are  grounded.  The  results  are  shown  in  Figures  3.64  and  3.65. 

By  removing  the  large  voltage  between  the  sheath  and  ground,  one 
also  removes  the  large  voltage  between  the  signal  conductor  and 
ground;  hence  there  is  less  voltage  to  drive  current  through  the 
capacitor. 
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SECTION  IV 


DETERMINING  THE  ELECTROMAGNETIC  FIELD  ENVIRONMENT 


4.1  INTRODUCTION 

The  previous  section  showed  how  the  equivalent  voltage  and 
current  sources  acting  upon  the  equivalent  circuits  could  be  re- 
lated to  the  intensities  of  the  magnetic  and  electric  fields  with- 
in the  aircraft.  This  section  will  give  some  guidance  as  to  how 
those  fields  may  be  determined.  There  are  two  dominate  modes  by 
which  electromagnetic  energy  can  be  coupled  into  the  interior  of 
the  aircraft:  through  apertures  and  through  the  metallic  (usually) 
walls  of  the  aircraft.  Loosely  speaking,  coupling  through  aper- 
tures governs  the  high-frequency  behavior  of  the  fields  and  coupl- 
ing through  the  walls,  the  low-frequency  behavior.  Coupling  through 
the  walls  is  often  called  the  diffusion  coupling  mode . 

The  circuits  within  the  aircraft  respond  to  both  magnetic  and 
electric  fields.  Magnetic  fields  may  be  produced  by  either  the 
aperture  or  diffusion  coupling  modes.  Electric  fields,  on  the 
other  hand,  can,  as  a practical  matter,  be  coupled  only  through 
apertures. 

Changing  magnetic  fields  gives  rise  to  changing  elec  ric  fields, 
and  changing  electric  fields  give  rise  to  changing  magnetic  fields. 

The  ratio  of  electric  to  magnetic  field  intensity  is  called 
the  characteristic  impedance  of  the  structure  or  enclosure.  That 
impedance  is  highly  dependent  upon  location  within  a structure  and 
highly  dependent  upon  the  equipment  located  within  that  structure. 

In  principle,  one  can  calculate  that  impedance  for  structures  of 
elementary  shapes,  at  least  as  long  as  they  are  empty.  While  the 
interdependence  of  electric  and  magnetic  fields  has  an  important 
bearing  upon  the  response  of  electric  circuits,  it  is  rather  doubt- 
ful that  available  tools  are  of  sufficient  power  to  predict  what 
that  interdependence  will  actually  be  in  an  aircraft  where  the  en- 
closures are  of  complex  geometry  and  full  of  equipment. 

In  this  section  there  will  be  discussed  four  major  themes: 
the  external  electromagnetic  field  environment,  the  mechanism  of 
coupling  through  apertures,  the  diffusion  coupling  phenomena,  and 
the  use  of  two  of  the  tools  available  for  study  of  the  electromag- 
netic field  environment.  One  of  the  tools,  a computer  program 
APERTURE,  was  developed  under  a previous  contract  (Reference  4.1) 
and  will  only  be  reviewed  here.  The  other  tool,  a computer  pro- 
gram called  DIFFMAG,  is  new  and  will  be  described  in  considerable 
detail. 

4.2  THE  EXTERNAL  MAGNETIC  FIELD 

The  external  magnetic  field  is  primarily  of  interest  in  that 
it  is  the  field  to  which  apertures  are  exposed  and  is  hence  the 
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source  of  the  field  that  leaks  into  the  interior  through  the  aper- 
tures. It  also  has  a bearing  upon  the  character  of  the  voltages 
produced  by  the  diffusion  mechanism. 

4.2.1  Elementary  Concepts 

If  a long  conductor  is  carrying  a current,  I,  and  the  return 
path  is  far  removed,  the  average  field  intensity,  H , at  a dis- 
tance, r,  from  the  conductor,  as  shown  in  Figure  4. fa,  is 
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2irr 


(4.1) 


If,  instead  of  being  carried  on  a solid  wire,  the  current  is 
carried  on  a hollow  tube  of  radius  r,  as  shown  in  Figure  4.1b,  the 
field  intensity,  H,  at  radius  r is  again 
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and  at  the  surface  of  the  tube,  where  r = r , the  field  intensity 
is 
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(4.3) 


In  the  interior  of  the  tube,  r r , the  field  intensity  is 
zero,  a concept  that  will  be  treated  in  more  detail  later. 


Since  the  circumference,  P,  of  the  tube  is 


P = 2irr0  (4.4) 

it  follows  that  the  field  intensity  at  the  surface  of  the  tube  is 
also  equal  to  the  total  current  divided  by  the  circumference. 

»«£  (4.5) 

The  unit  of  field  intensity  is  amperes  per  meter  if  the  ra- 
dius or  circumference  is  measured  in  meters. 

From  Equation  4.5,  it  can  be  seen  that  the  numerical  value 
of  the  average  magnetic  field  intensity  is  the  same  as  the  numer- 
ical value  of  the  average  current  density.  This  holds  true  on 
any  level;  the  magnetic  field  intensity  is  equal  to  the  current 
density  at  that  surface,  at  least  as  long  as  the  surface  is  com- 
posed of  a good  conductor.  The  reason  for  qualifing  the  statement 
to  include  only  good  conductors  will  be  elaborated  upon  later. 

If  the  conductor  is  not  cylindrical,  as  shown  in  Figure  4.2, 
the  field  intensity  will  be  different  at  different  points  on  the 
structure. 
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Figure  4.1  Magnetic  Fields  Around  Current-Carrying  Conductors 

(a)  Current-Carrying  Filament 

(b)  Tubular  Conductor 

(c)  Irregular  Conductor 


The  actual  field  intensity  will  be  greater  than  average  at 
points  where  the  radius  of  curvature  is  less  than  average;  it  will 
be  less  than  average  at  points  where  the  radius  of  curvature  is 
greater  than  average,  as  shown  in  Figure  4.2.  For  example,  the 
circumference  of  the  fuselage  of  a typical  fighter  aircraft  just 
forward  of  its  wing  is  about  5.5  m.  Assuming  a lightning  stroke 
current  of  30,000  A to  flow  through  the  fuselage,  the  average  field 
intensity  at  the  surface  would  be 


30,000 

5.5 


= 5455  A/m 


(4.6) 


Since  there  are  no  points  of  very  sharp  radius,  the  field  intensity 
around  the  fuselage  would  probably  not  vary  greatly  from  the  aver- 
age value. 


The  situation  along  a wing  carrying  lightning  current  is  con- 
siderably different  in  that  the  leading  and  trailing  edges  have 
radii  of  curvature  much  smaller  than  the  average.  Field  intensity 
along  the  leading  and  trailing  edges  would  be  quite  high  compared 
to  the  field  intensity  along  the  top  and  bottom  surfaces,  for  ex- 
ample. The  field  intensity  would,  at  any  rate,  be  equal  to  the 
current  density  at  that  point. 

The  current  density  at  the  surface  of  a conductor  is  deter- 
mined by  both  magnetic  effects  and  by  resistive  effects.  At  high 
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Figure  4.2  Field  Intensity  Vs.  Radius  of  Curvature 

frequencies,  the  distribution  of  current  is  controlled  by  the  mag- 
netic effects.  At  low  frequencies,  it  is  determined  by  resistance 
effects.  The  question  of  what  is  "high"  and  what  is  "low”  depends 
upon  the  physical  size  of  the  structure  and  the  resistivity  of  the 
material  from  which  the  structure  is  made.  In  many  cases  the  "high" 
frequency  is  surprisingly  low  in  absolute  terms.  Since  the  dis- 
tribution of  current  is  frequency-dependent,  it  follows  that  it 
is  also  time-dependent.  If  a step  function  of  current  is  injected 
into  a structure,  the  current  will  initially  distribute  in  accordance 
with  the  magnetic  effects.  As  time  progresses,  the  current  distri- 
bution will  shift  until  at  dc  the  current  density  will  be  deter- 
mined by  resistance  effects.  The  manner  in  which  the  current  is 
distributed  upon  a surface  and  the  manner  in  which  the  distribu- 
tion changes  with  time  or  with  frequency  has  some  important  bear- 
ing upon  the  magnetic  fields  around  and  inside  the  aircraft  struc- 
tures and  upon  the  voltages  or  currents  that  may  be  induced  upon 
wires  within  those  structures.  The  phenomena  have  been  discussed 
in  detail  in  other  works,  but  since  it  is  central  to  an  understand- 
ing of  lightning  interaction  phenomena  and  to  an  understanding  of 
what  the  computer  routine  DIFFMAG  (to  be  presented  shortly)  is  in- 
tended to  do,  we  will  discuss  the  phenomena  in  considerable  detail 
in  the  section  on  diffusion  coupling  phenomena.  For  the  moment, 
it  is  sufficient  to  say  that  a study  of  lightning  interaction  phen- 
omena requires  a knowledge  of  both  the  initial  and  final  distribu- 
tions of  current  and  of  the  way  in  which  the  distribution  changes 
from  the  initial  to  the  final  value. 
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In  some  simple  geometries,  the  distribution  of  current  can 
be  calculated  rather  easily.  Around  the  periphery  of  a cylinder, 
for  example,  the  current  density  is  uniform,  assuming  the  return 
path  for  the  current  is  far  removed  from  the  cylinder— i . e. , greater 
than  ten  times  the  diameter  of  the  cylinder.  The  density  of  cur- 
rent as  determined  by  magnetic  effects  is  the  same  as  that  deter- 
mined by  resistance  effects,  assuming  that  the  wall  of  the  cylin- 
der is  of  uniform  thickness. 


Another  geometry  of  considerable  practical  importance  is  the 
ellipse,  shown  in  Figure  4.3.  At  the  center  (X  = 0),  the  magnetic 
field  intensity  is  given  by 
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and  at  the  edge  (Y  = 0) 
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Figure  4.3  Magnetic  Field  Intensity  at  the  Surface 
of  an  Elliptical  Conductor 

At  intermediate  points,  the  magnetic  field  intensity  or  current 
density  is  given  by  the  expression  (References  4.2  and  4.3) 
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This  current  distribution  does  not  hold  for  dc  currents  where  the 
current  density  over  the  surface  is  determined  by  the  dc  resistance. 
If  the  conductor  were  an  elliptical  cylinder  of  uniform  thickness, 
the  current  density  would  be  uniform. 

4.2.2  Calculation  of  External  Magnetic  Field  Intensity 

In  many  cases  the  external  current  density  may  be  determined 
with  accuracy  sufficient  for  practical  purposes  by  approximating 
the  surface  under  consideration  by  an  ellipse  or  ellipses.  If 
such  an  approximation  does  not  give  sufficient  accuracy,  there  are 
other  tephniques  that  may  be  used.  These  techniques  are  discussed 
in  considerable  detail  in  other  works.  One  of  those  techniques 
is  shown  on  Figure  4.4.  It  involves  approximating  the  surface  by 
a grid  of  wires,  determining  how  the  current  divides  among  those 
wires,  and  then  determining  the  magnetic  field  produced  by  the 
wires.  The  computer  routine  DIFFMAG  provides  a means  of  evaluating 
how  the  current  divides  among  the  conductors  and  of  determining 
the  magnetic  fields  produced  by  the  current.  Figure  4.5  gives  an 
example  of  how  a wire  grid  model  predicts  the  tangential  magnetic 
field  around  such  an  ellipse. 


Figure  4.4  A Structure  Defined  as  an  Array  of  Wires 

(a)  The  Array 

(b)  Coordinates  Defining  Location 

(c)  Definition  of  the  Return  Path  for  Current 
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Figure  4.5  Wire  Grid  Approximation  of  the  Elliptical  Fuselage 

4.3  THE  EXTERNAL  ELECTRIC  FIELD 

Little  work  has  been  done  to  determine  the  electric  field 
around  an  aircraft  when  it  is  struck  by  lightning.  In  theory,  if 
one  knows  the  charge  deposited  upon  the  aircraft  during  the  pas- 
sage of  the  lightning  stroke,  one  can  calculate  how  that  charge 
will  distribute  upon  the  surface  of  the  aircraft  and  determine 
what  the  electric  field  strength  would  be.  In  practice  this  is 
difficult  for  two  reasons:  first,  the  total  charge,  which  is  re- 
lated to  the  total  potential  on  the  aircraft  is  not  known,  at  least 
to  the  degree  to  which  the  total  current  passing  through  the  air- 
craft is  known,  and,  second,  because  of  the  nonlinear  behavior  of 
the  field  intensity  when  the  aircraft  is  raised  to  very  high  po- 
tentials. The  nonlinear  effects  are  due  to  the  influence  of  elec- 
trical streamers  on  the  electric  field  at  points  adjacent  to  the 
streamer.  Tests  in  laboratories  have  shown  that,  when  the  electric 
field  intensity  around  an  electrode  reaches  about  500  kV/m,  (5  x 
10"5  V/m)  , electrical  discharges  take  place  from  the  electrode. 

These  discharges  are  called  streamers.  If  the  field  is  maintain- 
ed long  enough,  a few  microseconds  or  a few  tens  of  microseconds, 
the  streamers  can  develop  into  full-fledged  electrical  arcs  between 
electrodes.  The  electrical  discharges  are  initiated  at  points 
where  the  electric  field  intensity  is  highest.  On  an  aircraft, 
the  electric  field  intensity  will  be  highest  around  leading  and 
trailing  edges  and  around  the  tips  of  wings  and  stabilizers.  It 
follows  that  the  electric  field  intensity  around  more  gently  curved 
surfaces  will  be  less.  Possibly,  though  it  is  mostly  speculation, 
the  electric  field  intensity  around  gently  curved  surfaces  would 
be  no  more  than  100  kV/m  when  the  field  intensity  around  protrud- 
ing points  reaches  500  kV/m. 
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It  has  also  been  shown  in  laboratory  studies  that  a streamer 
which  develops  from  one  point  of  an  electrode  acts  as  an  extension 
of  the  electrode  and  reduces  the  electric  field  intensity  at  points 
on  the  electrode  adjacent  to  the  point  from  which  the  streamer  de- 
veloped. The  net  result  of  this  is  that  the  streamers  which  develop 
from  protruding  points  at  around  500  kV/m  tend  to  limit  the  elec- 
tric field  intensity  at  adjacent  points  to  lower  values,  possibly 
on  the  order  of  100  kV/m. 

The  above  discussion  assumes  sea  level  conditions.  At  higher 
altitudes,  where  the  air  pressure  is  less,  the  streamers  will  de- 
velop at  lower  field  intensities,  roughly  in  proportion  to  the  re- 
duction in  air  pressure  or,  more  accurately,  in  proportion  to  the 
reduction  in  air  density.  Most  lightning  strokes,  however,  occur 
at  altitudes  of  less  than  10,000  ft,  and  even  there  the  atmospheric 
pressure  is  still  about  70%  of  what  it  is  at  sea  level.  According- 
ly, while  the  effects  of  altitude  and  air  pressure  are  signific- 
ant, the  effect  is  probably  small  in  comparison  to  the  degree  to 
which  the  distribution  of  field  intensity  around  an  aircraft  is 
known  in  the  first  place. 

From  this  discussion  it  is  obvious  that  little  is  known  about 
the  electric  field  around  the  surface  of  an  aircraft  during  the 
time  a lightning  stroke  is  approaching  or  passing  through  the  air- 
craft. An  educated  guess  about  the  magnitude  of  the  electric  field 
is  perhaps  as  accurate  as  a more  involved  analytical  calculation. 
Accordingly,  it  is  this  author's  recommendation  that,  in  the  ab- 
sence of  better  information,  a value  of  100  kV/m  be  used  as  the 
worst  case  value  of  electric  field  intensity  at  the  surface  of  an 
aircraft  when  that  aircraft  is  struck  by  lightning. 

4.4  THE  APERTURE  COUPLING  MECHANISM 

4.4.1  Magnetic  Fields 

In  lightning  interaction  problems,  the  external  magnetic 
fields  are  of  importance  only  inasmuch  as  they  are  the  starting 
point  for  determining  the  magnetic  fields  within  a structure. 

The  most  important  mode  by  which  magnetic  fields  are  coupled 
from  the  exterior  of  the  aircraft  to  the  interior  is  coupling 
through  apertures.  There  are  two  major  reasons  for  the  importance 
of  aperture-coupled  fields.  The  first  is  that  some  apertures  may 
be  quite  large,  windows  being  a prime  example.  The  second  reason 
is  that,  unlike  fields  coupled  by  diffusion  through  metal  surfaces, 
the  waveshape  of  the  interior  field  is  not  retarded,  but  tends  to 
be  the  same  for  small  apertures  as  that  of  the  external  magnetic 
field.  The  most  important  consequence  of  the  coupled  magnetic 
fields  relates  to  the  voltages  induced  by  such  fields.  A field 
of  given  peak  intensity  is  more  apt  to  cause  trouble  if  it  rises 
to  its  peak  quickly  than  if  it  is  delayed  and  distorted. 

Physically,  the  basic  problem  is  as  shown  on  Figure  4.6.  An 
external  magnetic  field  tangential  to  a metal  surface  passes  across 
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Figure  4.6  Aperture-Type  Magnetic  Field  Coupling 

(a)  External  Field  Patterns 

(b)  Internal  Field  Patterns 

an  aperture.  At  the  aperture  some  of  the  lines  of  magnetic  force 
leak  into  the  interior  region.  Analytically,  the  problem  is  to 
be  able  to  determine  the  field  strength  at  any  point  in  the  inter- 
ior volume,  preferably  to  be  able  to  determine  both  the  magnitude 
and  the  direction  of  the  magnetic  field. 

Often  the  anlytical  problem  is  best  solved  by  placing  an  equi- 
valent magnetic  dipole  in  the  plane  of  the  aperture.  The  fields 
may  then  be  determined  from  dipole  theory.  Such  an  equivalent  di- 
pole is  shown  on  Figure  4.7.  The  strength  of  the  equivalent  di- 
pole is  determined  by  the  strength  of  the  external  magnetic  field 
and  by  the  size,  shape,  and  orientation  of  the  aperture.  A geom- 
etry amenable  to  mathematical  analysis  (Figure  4.8)  is  that  of 
an  elliptical  aperture  in  a conductive  sheet  of  a size  large 
enough  to  separate  completely  the  interior  volume  in  which  the 
fields  are  to  be  calculated  from  the  exterior  volume  in  which 
the  basic  magnetic  field  exists.  In  the  following  analysis  we 
will  treat  only  fields  tangential  to  the  conductive  surface,  since, 
as  explained  in  the  previous  sections,  a magnetic  field  with  com- 
ponents perpendicular  to  the  conductive  surface  induces  circulating 
currents  that  initially  cancel  the  penetrating  component. 

Mathematically  the  problem  is  most  directly  solved  if  the  ex- 
ternal magnetic  field  is  resolved  into  two  components,  Hx  and  H , 
lying  along  an  axis  directed  through  the  major  and  minor  axes  of 
the  elliptical  aperture.  These  field  components  give  rise  to  two 
equivalent  magnetic  dipoles,  M and  M , again  oriented  along  the 
major  and  the  minor  axes  of  the  aperture.  The  strength  of  these 
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EXTERIOR  REGION 


Figure  4.7  The  Aperture-Coupling  Problem 

(a)  A Field  Across  an  Aperture 

(b)  Equivalent  Dipole  Producing  the 
Same  Internal  Field 

dipoles  is  a function  of  the  strength  of  the  external  magnetic 
field  that  would  exist  in  the  plane  of  the  aperture  if  the  aper- 
ture were  absent.  The  governing  expressions  (Reference  4.4)  are 
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(a) 


(b) 

Figure  4.8  An  Elliptical  Aperture 

(a)  Geometry  and  the  Components  of 
the  External  Magnetic  Field  Vector 

(b)  The  Equivalent  Magnetic  Dipoles 


The  expressions  Kg  and  E are  elliptical  integrals  of  the  first 
and  second  kinds,  respectively . The  quantities  a',-,  and  are 
shown  in  Figure  4.9.  Since  the  dipole  strength  is  proportional 
to  the  cube  of  the  major  axis  length  of  the  aperture,  it  follows 
that  large  apertures  will  couple  much  more  field  into  an  inner 
volume  than  will  small  apertures,  the  strength  of  the  dipole  in- 
creasing faster  than  the  area  of  the  aperture  increases. 

The  pattern  of  magnetic  fields  in  the  interior  volume  produced 
by  a dipole  lying  along  the  X axis  would  appear  as  on  Figure  4.10. 
Assuming  the  dipole  to  lie  in  the  XY  plane,  the  field  patterns 
will  be  concentric  closed  loops  lying  in  planes  passed  through  the 
X axis.  At  any  point,  P,  the  total  magnetic  field  will  be  tangen- 
tial to  the  corresponding  closed  loop.  The  components  of  the  mag- 
netic field  at  point  P — H , H , and  H — (Reference  4.5)  will  be 
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Figure  4.9  Shape  Factor  for  Elliptical  Apertures 

Typically,  the  external  magnetic  field  would  include  an  equiv- 
alent dipole  oriented  along  the  Y axis  as  well.  This  dipole  would 
likewise  produce  a magnetic  field  at  the  point  P,  the  components 
of  which  would  be 
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Figure  4.10  Field  Patterns  Produced  by  a Dipole 
Lying  Along  the  X-Axis 

The  total  magnetic  field  strength  at  P,  then,  would  be  the  sum  of 
the  components  produced  by  the  dipoles  lying  along  the  X and  Y 
axes.  Thus, 


H = H + H 
x xx  xy 


H = H + H 
y yx  yy 


H = H + H 
z zx  zy 


(4.21) 

(4.22) 

(4.23) 


The  total  field  strength  at  point  P would  be  the  vector  summation 
of  the  X,  Y,  Z components  of  the  field. 


/ 2 2 2 
H_  = \ /H  + H + H 

T \/  X y Z 


(4.24) 


The  field  strength  is  seen  to  be  inversely  proportional  to 
the  cube  of  the  distance  from  the  aperture  to  the  point  in  question 


Accordingly,  the  aperture-coupled  fields  will  be  localized  in  space 
near  the  aperture.  Small  apertures  are  thus  less  troublesome  than 
large  apertures,  both  because  of  the  decreased  magnetic  field  strength 
associated  with  the  corresponding  dipole  and  because  of  the  lesser 
distance  one  must  be  removed  from  the  aperture  before  the  field 
strength  becomes  negligible  compared  to  the  field  strength  closer 
to  the  aperture. 

An  example  of  fields  as  calculated  from  Equations  4.15  through 
4.17  is  given  in  Table  4.1  and  illustrated  on  Figure  4.11.  It  in- 
dicates that,  if  an  aperture  1 m long  and  0.4  m wide  were  exposed 
to  a field  of  1000  A/m,  the  field  intensity  at  a point  about  5 m 
from  the  aperture  would  have  an  intensity  of  about  0.1  to  0.2  A/m. 

The  above  formulation  has  one  major  restriction:  it  is  valid 
only  in  the  low-frequency  region,  "low-frequency"  implying  that 
the  aperture  is  small  compared  to  the  wavelengths  of  the  field 
under  consideration.  Coupling  through  apertures  increases  with 
increasing  frequency  (witness  the  quarter-wave  resonant  slot  an- 
tenna) . The  formulation  also  treats  only  the  internal  magnetic 
fields  produced  by  external  magnetic  fields  and  does  not  treat  the 
electric  field  produced  by  a changing  magnetic  field  or  the  mag- 
netic field  produced  by  a changing  electric  field.  Taylor  (Ref- 
erence 4.4)  treats  this  interaction  in  more  detail.  This  inter- 
action between  changing  electric  and  magnetic  fields  is  greater 
at  high  frequencies  and,  for  the  frequency  spectrum  associated 
with  lightning,  is  possibly  of  importance  only  at  those  frequencies 
for  which  the  aperture  is  not  electrically  small. 

The  above  formulation  is  also  valid  only  when  the  point  at 
which  the  field  is  to  be  calculated  is  at  a distance  from  the  aper- 
ture that  is  large  compared  to  the  dimensions  of  the  aperture. 

If  an  attempt  is  made  to  calculate  the  fields  close  to  the  aper- 
ture, the  results  are  inaccurate.  If  the  distance  from  the  point 
to  the  aperture  goes  to  zero,  the  calculated  magnitude  of  fields 
becomes  infinite,  whereas  the  field  itself  can  never  in  fact  be- 
come larger  (barring  reflections)  than  the  external  field.  It  can 
be  shown,  in  fact,  that  the  actual  field  strength  in  the  plane  of 
the  aperture,  as  distinct  from  the  strength  of  the  equivalent  di- 
pole, will  be  half  the  field  strength  that  would  exist  if  the 
aperture  were  not  there.  This  intractable  behavior  of  the  calcu- 
lated magnitude  of  the  field  near  the  aperture  arises  as  a result 
of  a simplifying  assumption  commonly  used  in  dipole  analysis. 

This  assumption,  illustrated  in  Figure  4.12a,  is  that  point  P is 
sufficiently  far  from  the  center  of  the  dipole  that  each  of  the 
radial  distances  r.  and  r-  from  the  ends  of  the  dipole  to  the  point 
P may  be  represented  by  tne  average  radial  distance,  r,  and  that 
each  of  the  angles  0^  and  02  may  be  represented  by  the  angle  0. 

With  a great  increase  in  numerical  complexity,  it  is  possible 
to  develop  a formulation  for  the  fields  at  point  P that,  as  shown 
in  Figure  4.12b,  allows  the  dipole  to  have  a finite  length.  Such 
a formulation  allows  one  to  determine  with  better,  though  not 
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TABLE  4.1 


CALCULATIONS  RELATED  TO  FIGURE  4.11 


1 m 


i :2  = 0.4  m 

l2/l  = 0,4  m,  “'ll  = 1-5  m;  a22  = 0,4 


11 


a'  L1  = -0.188 


22 


1 2 


22 


-0.050 


H ^ = 1000  A/m 
x ext 

H „ = 0 
y ext 


M = a.,  H „ = - 188 
x 11  x ext 


M = a,  , H 
y 11  y ext  = 0 


At  Point  1 

X = 0,  Y = 0,  Z = 5 m,  r = 5 m 

H = + 0.120  A/m 
x 

At  Point  2 

X = -3,  y = 2,  Z =3,  r = 4.69  m 
Hx  = + 0.033  A/m 
H =+  0.119 

y 

H = + 0.178 
z 

Hfc  = 0.217 
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X - Y Plane 


Aperture 


Point  2 


-3  r^o 


‘Ht  - ' 


Y=1  ^ H 


H = 1000  A/m 
ext 


Point  1 


At  Point  1 X = 0,  Y = 0,  Z = 5;  r = 5.0  m 
At  Point  2 X = -3,  Y = 2,  Z = 3;  r = 4.69  tn 


At  Point  1 Hx  = 0.120  A/m 
Hy  = 0 


At  Point  2 Hx  = 0.033  A/m 
Hy  = 0.119 
Hz  = 0.178 
H_  = 0.217 


Figure  4.11  An  Illustrated  Example  of  Aperture-Coupled  Fields 

perfect,  accuracy  the  field  close  to  the  aperture.  While  that 
formulation  will  not  be  given  here,  it  is  given  in  the  literature 
(Reference  4.6) . 

Frequently,  a calculation  made  to  determine  the  effects  of 
coupling  through  apertures  needs  to  take  into  account  the  presence 
of  reflecting  surfaces.  The  simplest  case,  shown  in  Figure  4.13, 
treats  one  reflecting  surface  of  infinite  dimensions  and  parallel 
to  the  surface  containing  the  aperture.  The  total  field  at  any 


point  between  the  two  surfaces  is  the  sum  of  the  fields  produced 
by  an  infinite  array  of  images  of  the  original  magnetic  dipole. 

The  field  strength  from  each  of  the  images  would  again  be  deter- 
mined from  Equations  4.15  through  4.20.  Fortunately,  in  most  cases 
only  a few  of  the  images  need  be  considered  because  of  the  depen- 
dence of  field  strength  on  the  cube  of  the  distance  to  the  point 
under  consideration.  In  principle,  additional  reflecting  surfaces 
could  be  included  in  the  formulation  to  define  completely  an  in- 
terior volume.  . Such  multiple  reflecting  surfaces  are  shown  on 
Figure  4.14. 
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Figure  4.14  Multiple  Reflecting  Surfaces 

Typically,  one  is  concerned,  not  with  the  magnitude  of  the 
fields  themselves,  but  with  the  effects  of  the  fields  on  electri- 
cal circuits.  A typical  problem,  as  shown  in  Figure  4.15,  might 
be  determining  the  voltage  produced  by  an  aperture-coupled  magnetic 
field  between  a conductor  and  a metal  surface  containing  the  aper- 
ture. That  voltage  would  be  determined  by  the  total  magnetic  flux 
passing  through  the  plane  defined  by  the  conductor  and  its  projec- 
tion onto  the  metal  surface.  This  total  magnetic  field  would  be 
the  summation,  both  along  the  length  and  across  the  width  of  the 
loop  so  defined,  of  the  magnetic  field  strength  normal  to  the  loop. 
If  the  field  strength  were  to  vary  considerably  with  position  along 
the  loop,  it  would  be  necessary  to  evaluate  the  field  strength  at 
a number  of  points  across  the  area  of  the  loop  and  to  perform  some 
sort  of  graphical  integration  to  determine  the  total  magnetic  flux 
passing  through  the  loop.  The  numerical  calculations,  while 
straightforward  in  principle,  would  be  of  sufficient  complexity 
to  make  the  problem  insoluble  in  any  practical  sense  if  all  the 
calculations  had  to  be  made  by  hand.  In  order  to  overcome  the 
numerical  problems,  a computer  program,  APERTURE,  has  been  written 
and  is  described  in  the  literature  (Reference  4.7).  This  program 
allows  one  to  define  an  arbitrary  elliptical  aperture  in  an  X-Y 
plane.  The  orientation  of  the  aperture  and  the  orientation  and 


152 


Figure  4.15  Determination  of  the  Voltage 
Produced  by  Aperture  Coupling 


strength  of  the  external  field  are  defined  as  input  quantities  and 
do  not  necessarily  have  to  be  oriented  along  the  X and  Y reference 
axes.  The  program  allows  one  to  tabulate  the  interior  field  strength 
at  whatever  points  are  desired,  in  either  rectangular  or  polar  coor- 
dinates. The  program  also  allows  one  to  determine  the  total  mag- 
netic flux  passing  through  any  arbitrary  four-sided  plane  surface. 

The  program  calculates  the  field  strength  normal  to  that  surface 
and  performs  the  graphical  integration  suggested  in  Figure  4.15 
and  necessary  to  determine  the  total  magnetic  flux  passing  through 
the  plane  of  the  loop. 

If  the  total  flux  is  known,  the  voltage  may  be  calculated  if 
one  knows  the  waveshape  of  the  flux  external  to  the  aperture. 

Since  the  formulation  of  the  aperture  coupling  equations  pre- 
sented above  treats  only  the  low-frequency  approximation  to  the 
coupling  mechanism  and  neglects  any  frequency-dependent  properties 
of  the  mechanism,  it  follows  that  the  fields  on  the  interior,  as 
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predicted  above,  will  have  the  same  waveshape  as  the  fields  external 
to  the  aperture.  If  the  rise  and  fall  times  of  the  exterior  fields 
are  known,  the  rise  and  fall  times  of  the  internal  fields  will  also 
be  known.  If  they  are  known,  one  can  then  calculate  the  voltage 
produced  by  the  flux  passing  through  the  loop. 


e 


d 

dt 


int 


(4.25) 


It  will  be  noted  that  this  is  of  basically  the  same  format 
as  Equation  3.111.  Section  3 discusses  in  considerable  detail  how 
a voltage  source  as  given  by  Equation  3.111  can  be  incorporated 
into  an  equivalent  circuit. 

4.4.2  Electric  Fields 

The  aperture  coupling  mechanism  is  illustrated  on  Figure  4.16. 
In  simplest  terms  a portion  of  the  displacement  current  produced 
by  an  external  electric  field  passes  through  apertures  and  either 
flows  upon  conductors  or  gives  rise  to  an  internal  electric  field. 
The  relations  between  electric  field  and  displacement  current  were 
discussed  in  Section  3. 


Figure  4.16  Aperture-Type  Electric  Field  Coupling 

(a)  External  Field  Patterns 

(b)  Internal  Field  Patterns 
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Unlike  magnetic  fields,  which  may  penetrate  into  an  interior 
region  either  through  apertures  or  by  diffusion  through  continuous 
walls,  electric  fields,  as  a practical  matter,  can  couple  only 
through  apertures.  Any  metallic  surface  provides  sufficient  shield- 
ing against  electric  fields  that  considerations  of  direct  penetra- 
tions of  the  field  through  a metal  surface  can  be  neglected.  Elec- 
tric fields  of  practical  consequence  can  exist  only  perpendicular 
to  a metallic  surface,  since,  in  a manner  analogous  to  penetrating 
magnetic  fields,  electric  fields  of  oblique  incidence  have  all  but 
the  perpendicular  component  of  the  field  shorted  out  by  the  low 
impedance  of  the  metallic  surface.  The  appropriate  geometry  for 
electric  field  coupling,  then  is  as  shown  in  Figure  4.17.  The 
electric  fields  of  the  interior  region  may  be  calculated  as  though 
they  were  produced  by  an  electric  dipole  of  strength  (Reference  4.8) 
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Figure  4.17  Geometry  Appropriate  to  Electric  Coupling 


The  quantity  a’33  has  previously  been  presented  in  Figure  4.9. 
Subject  to  the  provisions  that  the  dimensions  of  the  aperture  be 
small  compared  to  the  wavelengths  of  the  highest  frequency  compo- 
nent in  the  external  electric  field  and  that  electric  fields  pro- 
duced by  changing  magnetic  fields  can  be  neglected,  the  electric 
field  in  the  interior  region  becomes 


155 


r 


E = 
x 


D 

o 

4ir 


3X2 

5 

r 


(4.28) 

(4.29) 

(4.30) 


These  expressions  are  based  upon  the  further  assumption  of  a pure 
dipole  and,  as  with  Equations  4.15  through  4.20  for  the  magnetic 
field  formulation,  would  indicate  infinite  field  strengths  as  one 
approached  the  plane  of  the  aperture,  whereas  in  fact  the  field 
in  the  plane  of  the  aperture  would  be  one-half  the  field  strength 
that  would  exist  at  that  point  if  the  aperture  were  absent.  A 
power  series  expansion  of  the  field  from  a dipole  of  finite  size 
could  be  prepared  but,  as  of  this  writing,  has  not  been.  The 
bookkeeping  routines  necessary  to  handle  electric  fields  are  vir- 
tually identical  with  those  used  for  magnetic  fields  and  could  be 
incorporated  into  the  APERTURE  programs,  although,  as  of  this  writ- 
ing, they  have  not  been  so  included. 


4.4.3  Use  of  APERTURE  Program 

The  APERTURE  program  and  its  usage  are  described  in  the  lit- 
erature. The  program  will  be  described  briefly  here,  partly  for 
the  sake  of  completeness  of  this  report  and  partly  to  illustrate 
certain  similarities  of  usage  of  APERTURE  and  the  program  DIFFMAG. 

Consider  a case  where  an  elliptical  aperture  is  located  in 
a metal  sheet  lined  up  along  the  XY  plane,  as  shown  in  Figure  4.18a. 
In  the  space  behind  that  sheet  and  aperture  are  located  four  loops. 
Figure  4.18b.  Passing  across  the  aperture  and  oriented  along  the 
Y axis  is  a magnetic  field  of  100  A/m.  The  object  is  to  calculate 
the  magnitude  and  direction  of  the  magnetic  field  in  the  space 
behind  the  aperture  and  to  calculate  the  total  magnetic  flux  pas- 
sing through  the  various  loops.  We  will  assume  the  loop  to  be 
located  at  X =Y  = 0 and  that  the  sheet  in  which  the  aperture  is 
located  is  itself  located  at  Z = 0.  We  will  also  assume  that  there 
is  no  reflecting  sheet  located  behind  the  aperture.  We  wish  to 
calculate  the  fields  over  the  region  from  Z=0.3mtoZ=1.9m 
in  steps  of  0.2  m.  The  fields  are  also  to  be  tabulated  along  the 
X axis  at  the  0,  0.25  and  0.5  m positions  and  along  the  Y axis  at 
the  0 and  1 m positions.  We  desire  the  fields  to  be  tabulated  in 
rectangular  coordinates,  though  they  could  be  tabulated  in  polar 
coordinates. 

The  four  loops  to  be  treated  are  all  1 meter  deep  and  extend 
from  Z = 0.5  m behind  the  aperture  to  A = 1.5  m beind  the  aperture. 
Loops  1,  2,  and  3 are  oriented  along  the  XZ  plane.  Loop  4 is 
oriented  along  the  YZ  plane,  and  is  therefore  parallel  to  the  in- 
ternal field  produced  by  the  coupling  through  the  aperture. 
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Figure  4.18  A Sample  Problem  That  Can  Be  Solved  by  APERTURE 

(a)  The  Aperture  and  the  Sheet  in  Which  it  Is 
Related 

(b)  Loops  Behind  the  Aperture 

The  data  file  that  initiates  the  calculations  is  shown  on 
Figure  4.19.  The  characteristics  of  the  required  data  file  are 
shown  in  more  detail  on  Figure  4.20. 


L5' 


10  0*0*0 
20  J*.5»0 

30  1 00  * 90 
40  0*2 
SO  1 

60  • 3*  I • 9*  • 2 
70  0*1*1 
80  0*  • 5*  .25 
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100  1 

110  -•1*0*  • 5*  - 
120  *1*0*  1 • 5*  • l » 0*  • 5 
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I 60  • 5*  1 » 1 • 5*  • 5*  1 * • 5 
170  0*  - • 5*  • 5*  0*  - • 5*  1 
180  0*  • 5*  1 .5*0*  . 5*  .5 


Aperture  oriented  along  X axis 
II  - 100  A/M  along  Y axis 
No  reflecting  surface 
Y ES  - Tabulate  the  fields 


Rectangular  coordinate  output 

YES  - Calculate  the  flux  in  the  following  loops 

1*0*  1*5  1 . 

j~  Loop  1 

5 > Loop  2 
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Loop  3 
S Loop  4 


Figure  4.19  Data  File  Used  to  Describe  an  Aperture  Problem 


Each  line  of  input  data  must  contain  the  line  number,  separ- 
ated by  one  or  more  blanks  from  the  corresponding  data  terms.  The 
line  numbers  illustrated  are  satisfactory,  but  other  numbers  may 
be  used  as  long  as  they  are  arranged  in  the  same  order.  On  line 
10  are  entered  the  X,  Y,  Z coordinates  of  the  aperture  whose  ef- 
fects are  to  be  studied.  The  aperture  is  assumed  to  be  located 
in  a plane  parallel  to  that  defined  by  the  X and  Y reference  axes. 
The  region  into  which  the  external  fields  will  penetrate  through 
the  aperture  is  assumed  to  lie  in  the  positive  Z direction.  While 
the  origin  of  the  reference  axis  may  be  anywhere,  it  is  frequently 
convenient  to  assume  that  the  origin  is  lying  at  the  center  of  the 
aperture  and  that  the  aperture  is  elliptical.  If  the  aperture  is 
not  elliptical,  it  must  be  approximated  by  the  best  fitting  ellipse. 
The  major  and  minor  axis  strengths  and  the  angle  between  the  major 
axis  and  the  referenced  X axis  are  entered  on  line  20. 


The  magnitude  and  direction  of  the  external  magnetic  field 
are  entered  on  line  30. 


On  line  40  data  are  entered  relating  to  the  presence  (or  ab- 
sence) of  a reflecting  surface  and  its  location.  If  there  is  to 
be  no  reflecting  surface,  a dummy  value  must  still  be  entered  for 
D2. 


On  line  50  a term  is  entered  signifying  whether  or  not  the 
magnetic  fields  are  to  be  tabulated  over  an  interior  volume. 

Lines  60,  70,  and  80  define  the  X,  Y,  Z coordinates  of  the  volume 
over  which  the  fields  are  to  be  tabulated.  If  a tabulation  is  not 
desired,  dummy  values  must  be  entered  here.  ZPA  is  the  distance 
along  the  Z axis  at  which  the  tabulation  should  start,  XPB  is  the 
location  at  which  the  tabulation  should  stop,  and  XPC  is  the  in- 
crement between  the  start  and  stop  values.  YPA,  YPB,  and  XPC  are 
the  corresponding  quantities  for  the  Y and  X directions. 
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Coordinates  of  tin*  Aperture 


\ Coordinate,  V Coordinate  2 Coordinate 

(XA)  (V  A)  (ZA) 

Dimensions  and  Orientation  of  the  Aperture 

Orientation  of  Major  Axis 

Major  Axis  Length  Vlinor  Axis  Length  with  Respect  to  the  X-Axis 
iOb  . (ANAH) 

(LD  (1.2)  (ANAH) 

Magnitude  and  Direction  o;  the  External  Magnetic  Field 

Field  Strength  . Orientation  with  Respect  to  X-Axis 
t0b  (II  EXT)  (ANUH) 


40b 


Reflecting  Surface 


Is  there  a renecting  surface?  For 
Yes  enter  1 (one)  and  for  No  enter 
0 (zero) 


U>1) 


How  'ar  from  the  aperture  is  ihe 
reflecting  surface*9  If  there  is  no 
reflecting  surface  enter  the  dumrm 

numl>er  1000  

(1)2) 


r.ihulation  of  Field  Strength 


50b 


non 


7 Oh 


8 Oh 


90- 


Do  you  want  a table  of  the  field  strengths 
over  the  interior  region?  For  Yes  enter 
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On  lines  60.  70,  and  80  enter  the  dummy 
numbers  0 (zero)  in  each  of  the  locations 
if  you  don't  want  the  fields  tabulated 


Output  Format 

Do  you  want  the  tabulation  in  rectangular 
or  spherical  coordinates ? Enter  1 (one) 
for  spherical  or  0 (zero)  for  reclangular. 
Enter  a dummy  value  if  no  tabulation  is 
desired. 

!T5Tt 


Total  Flux  in  a Loop 

Do  you  want  to  determine  the  total  flux 
linking  a loop?  Enter  1 (one)  for  Yes  and 
0 (zero)  for  No. 

nun 


Enter  the  X,  Y.  2 coordinates  of  the 
four  points  defining  tin-  loop.  They 
should  go  in  sequence  around  the  loop. 
All  four  points  must  lie  in  the  same 
plane.  If  a loop  calculation  la  not  de- 
sired the  following  lines  may  be  left 
blank,  in  which  case  the  program  makes 


an  automatic  stop. 
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Point  4 

(PX3) 
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Successive  lines  following  the  format 
of  110  and  120  may  be  used  to  enter  the 
defining  points  for  other  loops.  The  pro- 
gram will  automatically  Mop  when  it  runs 
out  of  data. 

Figure  4.20  Input  Data  for  Program  APERTURE 


Long  Form 
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Line  90  determines  whether  the  tabulated  values  should  be 
in  spherical  or  rectangular  coordinates.  Again,  a dummy  value 
should  be  entered  if  no  tabulation  is  desired. 

On  line  100  the  user  enters  the  value  corresponding  to  whether 
or  not  calculation  of  the  total  magnetic  flux  passing  through  a 
loop  is  desired.  If  such  a calculation  is  desired,  the  X,  Y,  Z 
coordinates  of  the  four  points  defining  the  corners  of  that  loop 
should  be  entered  on  lines  110  and  120.  Additional  lines  in  the 
same  format  may  be  used  to  identify  additional  loops. 

The  output  data  that  results  from  this  data  file  are  shown 
in  Figure  4.21.  Figure  4.21  shows  the  format  of  the  manner  in 
which  the  magnitude  and  direction  of  the  fields  are  tabulated 
when  they  are  printed  in  rectangular  coordinates. 

Another  example  of  an  aperture-coupled  field  is  shown  in  Fig- 
ure 4.22.  An  elliptical  fuselage,  shown  dotted,  has  been  approx- 
imated by  two  sheets  of  infinite  size,  one  containing  the  aperture 
and  another  serving  as  the  reflecting  surface.  This  elliptical 
fuselage  is  the  same  that  discussed  in  Section  4.2.2.  The  figure 
shows  only  the  top  half  of  the  field  pattern,  the  field  in  the 
bottom  half  being  symmetrical.  The  aperture  considered  was  0.2  m 
m high  by  0.1  m wide,  the  long  axis  of  the  ellipse  being  oriented 
at  right  angles  to  the  plane  of  the  figure.  The  field  strength 
at  the  surface  of  the  aperture,  assuming  the  aperture  not  to  be 
there,  was  167  A.  That  field  strength  would  be  produced  by  a cur- 
rent of  1000  A flowing  axially  along  the  fuselage. 

Figure  4.22  was  mapped  by  hand  interpolation  of  the  field 
strength  calculated  at  discrete  points  by  APERTURE.  Presumably 
an  interpolation  and  plotting  routine  could  be  incorporated  into 
APERTURE,  but,  at  present,  the  program  does  not  incorporate  such 
routines.  The  incorporation  of  such  routines  might  be  a valuable 
addition  to  APERTURE,  since  a map  of  fields,  such  as  that  on  Fig- 
ure 4.22,  provides  a much  more  graphic  display  of  field  intensities 
than  does  the  tabular  display  of  field  intensities  shown  on  Fig- 
ure 4.21. 

Perhaps  the  most  valuable  type  of  data  that  one  can  derive 
from  APERTURE,  and  the  most  easily  usable  in  the  analysis  of  re- 
sponse of  circuits  to  the  fields  coupled  through  apertures,  is 
the  calculation  of  total  flux  passing  through  a loop.  Figure  4.23 
shows  the  type  of  data  provided  by  APERTURE  for  the  four  loops 
shown  on  Figure  4.18.  The  way  in  which  such  data  can  be  used  was 
discussed  in  Section  4.4.1. 

4.4.4  Aperture  Theory  - A Summary  and  Assessment 

Aperture  coupling  is  the  dominant  mode  by  which  high-frequency 
energy  is  coupled  into  the  interior  of  an  aircraft.  Both  magnetic 
and  electric  fields  may  be  coupled  through  apertures,  and,  as  a 
practical  matter,  electric  fields  can  only  be  coupled  through  aper- 
tures. Magnetic  fields  by  contrast  can  also  be  coupled  through 
the  mechanism  of  diffusion. 
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Figure  4.21  APERTURE  Output  Resulting  from 
Input  Data  of  Figure  4.20 
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Figure  4.22  Fields  Coupled  Through  an  Aperture-Major 
Axis  Oriented  Vertically  (0.2  x 0.1  m 
Aperture) 

Elementary  aperture  theory  indicates  that  the  waveshapes  of 
fields  coupled  through  apertures  would  be  the  same  as  the  waveshapes 
of  the  external  fields.  More  advanced  theory  indicates  that  the 
efficiency  of  an  aperture  as  a coupling  mechanism  rises  with  fre- 
quency. As  a consequence,  the  aperture  acts  as  a high  pass  filter. 

Aperture  theory  is  well  developed  for  well-defined  apertures, 
such  as  elliptical  or  circular  holes  in  infinite  sheets.  The  de- 
velopment is  frequently  done  in  terms  of  equivalent  dipole  sources 
having  moments  that  are  given  in  terms  of  the  physical  size  and 
shape  of  the  aperture.  A limitation  on  aperture  theory  is  that 
there  is  little  information  with  which  to  determine  the  dipole 
moments  of  poorly  defined  apertures,  such  as  a hatch  cover  that 
is  only  loosely  fastened  around  the  edges.  Such  information  could 
presumably  be  determined  by  measurements  on  actual  structures,  but 
to  date  there  seems  to  have  been  little  work  of  this  nature  done. 


162 


Figure 


L00P  NUMBER  1 


I -O.IOOE^OO  0. 

? 100E+00  0 • 

3 O.IOOE^OO  0. 

4 0* 1 OOE+OO  0. 


0. SOOE^OO 
0. I 50E*0I 
0. I SOE^OI 
0.  500E*00 


L00P  AREA=  0.200E^00 
TOTAL  FLUX*  0.213E-06 


SQUARE  METERS 
WEBERS 


L00P  NUMBER  2 


1 -0.500E*00  0. 

2 -0.500E*00  0« 

3 0 • SOOE^OO  0. 

4 0 • 500E*00  0. 


0.  SOOE^OO 
0.  I SOE^Ol 
0.  I S0E*0  I 
0. SOOE^OO 


L0  0P  AREA" 
TOTAL  FLUX" 


O.IOOE^OI  SQUARE  METERS 
0.R96E-06  WEBERS 


L00P  NUMBER  3 


1 -O.SOOE^OO 

2 -O.tOOE^OO 

3 0 • SOOE^OO 

4 0 • SOOE^OO 


0. lOOE^Ol 
0. lOOE^O I 
0. ! 00E*0 I 
0.  I00E*01 


0. 500E*00 
0.  I 50E* 0 I 
0.  I 50E*0I 
0. SOOE'OO 


L00P  AREA=  O.SOOE^OO  SQUARE  MFTERS 
TOTAL  FLUX"  Q.2I8E-07  WEHERS 


L00P  NUMBER  4 


1 0. 

2 0. 

3 0. 

4 0 • 


-0. SOOE'GO 
-0. SOOE^OO 
0. SOOE^OO 
0- SOOE^OO 


0. SOOE^OO 
0. I 50E»0I 
0. I SOE* 0 I 
0. 500E*  00 


L00P  AREA"  0* I OOE^O I SQUARE  METERS 

TOTAL  FLUX"  -0.175E-I4  WEBERS 


.23.  APERTURE  Sample  (Flux  Produced  in  Loops) 
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4.5  THE  DIFFUSION  COUPLING  MECHANISM 

4.5.1  Theoretical  Considerations 

4. 5. 1.1  Circular  Cylinders 

Consider  Figure  4.24,  in  which  a current,  I,  is  entering  a 
circular  cylinder.  The  cylinder  is  considered  long  compared  to 
other  dimensions,  so  that  there  are  no  end  effects,  but  short  com- 
pared to  the  electrical  wavelength  of  any  of  the  frequency  compo- 
nents of  the  current  I.  The  return  path  for  the  current  is  not 
shown,  but  it  is  assumed  to  be  sufficiently  far  away  from  the  cy- 
linder that  there  are  no  proximity  effects.  Also  shown  are  two 
conductors,  one  external  (1)  and  one  internal  (2)  to  the  cylinder. 
These  are  connected  to  an  end  cap  considered  sufficiently  massive 
that  no  electromagnetic  fields  penetrate  the  cap.  At  the  other 
end  of  the  cylinder  are  shown  two  voltages:  V.,  measured  from 
Conductor  1 to  the  external  surface  of  the  cylinder,  and  V2,  mea- 
sured from  Conductor  2 to  the  inner  surface  of  the  cylinder. 

A POINT  ON  THE 


A GENERAL  POINT 


Figure  4.24  Magnetic  Fields  Around  A Circular  Cylinder 

(a)  Geometry 

(b)  Field  Intensity  vs.  Radius 
(For  I = 116  A) 
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The  cylinder  will  have  a dc  resistance 

R = pJL  _ pa 

A 2nr1a 

where  p = resistivity 

A = length  (4.31) 

A = cross-sectional  area 
r,  = radius  of  cylinder 
a = thickness  (a<<r) 

If  the  cylinder  has  the  following  dimensions  and  is  made  of  alumi- 
num of  the  indicated  resistivity 

A = 2m 
r^=  15.7  cm 

a = 0.281  mm  (0.015  in.) 
p = 2.69xl0-®ft‘m 

-4 

then  the  dc  resistance,  R,  will  be  1.43  x 10  ft.  If  we  consider 
that  the  input  current  is  116  A,  there  will  then  be  developed  a 
voltage 

e = IR  = 116  x 1.43  x 10~4  = 0.0166  V (4.32) 

If  the  current  of  116  A is  established  and  allowed  to  flow  for  a 
time  sufficiently  long  that  steady  state  conditions  are  reached, 
the  voltage  developed  along  the  cylinder  will  then  be  16.6  mV. 

This  same  voltage  drop  would  be  measured  by  a conductor  external 
to  the  cylinder  or  by  one  internal  to  the  cylinder. 

Until  such  steady  state  conditions  have  been  established, 
will  not  be  equal  to  V2 , and  neither  of  them  will  be  equal  to  the 
steady  state  resistance  voltage  drop.  Consider  first  voltage  V^. 
External  to  the  cylinder,  the  flow  of  current  sets  up  a magnetic 
field  of  intensity 


I = current  (4.33) 

r = radius 
H = field  strength 

having  a pattern  as  shown  in  Figure  4.24b.  will  then  be 


v 


1 


= ii  = 

dt 


Vi  log 
o c 


dl 

dt 


(4.34) 
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and  <|>,  the  flux  passing  through  the  loop  ABCD,  is  represented  by 
the  shaded  area  of  Figure  4.24.  The  flux  $ would  be  measured  in 
webers.  Remembering  that 


p = 4tt10  7 A/m 
o 

V-^  becomes 


vl  = 


2 x 10'7  H log  (— ) 
£ r1 


dl 

dt 


(4.35) 


If  r~  is  31.4  cm  and  the  indicated  current  of  116  A rises  to  crest 
in  an  equivalent  time  of  0.25  ys  (Figure  4.25),  V,  will  then  rise 
to  an  initial  voltage  of  129  V.  As  steady  state  conditions  are 
reached  and  the  external  magnetic  field  ceases  to  change  with  time, 
will  decay  to  its  steady  state  value  of  0.0166  V. 


Figure  4.25  External  Voltage  (Not  to  scale) 

This  analysis  ignores  the  skin  effect,  a phenomenon  that  causes 
the  effective  resistance  to  be  higher  under  transient  conditions 
than  under  steady  state  conditions.  For  conductors  external  to 
the  cylinder,  the  increased  resistance  resulting  from  skin  effect 
will  be  of  little  consequence  compared  to  the  much  larger  voltage 
induced  by  the  changing  magnetic  field. 

While  conductors  external  to  a current-carrying  cylinder,  such 
as  an  aircraft  fuselage,  are  not  common,  they  are  not  unknown. 

An  example  might  be  the  cables  on  a missile  or  rocket  that  run  be- 
tween a control  assembly  in  the  nose  and  the  engine  controls  at 
the  tail.  Of  necessity,  such  cables  must  run  external  to  the  fuel 
and  oxidizer  tanks.  If  the  cables  are  not  in  a shielded  cable 
tunnel,  they  will  be  exposed  to  the  external  magnetic  field. 

Let  us  now  consider  the  very  different  conditions  internal 
to  the  cylinder.  First,  it  can  be  shown  (Reference  4.9)  that  the 
magnetic  field  within  the  cylinder  is  zero,  at  least  as  long  as 
the  current  is  uniformly  distributed  over  the  circumference  of 
the  cylinder. 
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The  second  important  factor  is  that  the  phenomenon  of  skin 
effect  delays  the  buildup  of  current  on  the  inner  surface  of  the 
cylinder.  The  origin  of  the  skin  effect  phenomenon  is  shown  in 
Figure  4.26.  If  a magnetic  field  line  is  assumed  to  be  suddenly 
established  internal  to  the  wall  of  the  conducting  cylinder,  there 
will  be  induced  eddy  currents  circulating  around  that  field  line. 
These  eddy  currents  will  induce  a magnetic  field  of  their  own  of 
polarity  opposite  to  that  set  up  by  the  external  magnetic  field. 
Only  as  the  eddy  currrents  decay  will  the  magnetic  field  penetrate 
the  wall  of  the  cylinder. 
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Figure  4.26  Factors  Governing  the  Internal  Voltage 

(a)  Geometry  and  Decaying  Eddy  Currents 

(b)  Current  Density  at  Different  Times 

The  current  density  across  the  wall  thickness  at  several  times 
is  shown  in  Figure  4.26b.  Initially,  the  current  density  for  a 
step-function  input  current  is  entirely  confined  to  the  outer  sur- 
face. At  a slightly  later  time,  t.,  the  current  density  will  still 
be  high  near  the  outer  surface,  but  a small  amount  of  current  will 
have  penetrated  to  the  inner  surface.  As  time  increases,  the  cur- 
rent density  on  the  outer  surface  will  fall,  and  the  current  den- 
sity on  the  inner  surface  will  increase,  until  at  tf . . the  cur- 

rent density  will  be  uniform  across  the  surface  of  cnewall.  At 
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any  time,  the  area  under  the  current  density  curve  multiplied  by 
the  peripheral  distance  around  the  cylinder  will  equal  the  input 
current.  The  resistive  voltage  drop  along  any  surface  (including 
any  line  internal  to  the  wall  of  the  cylinder)  will  be  equal  to 
the  product  of  the  current  density  at  that  point  times  the  resis- 
tivity of  the  material.  Accordingly,  the  voltage  drop  along  the 
inner  surface  must  follow  the  curve  defining  the  buildup  of  cur- 
rent density  on  the  inner  surface. 

The  nature  of  this  response  is  shown  in  Figure  4.27  and  is 
governed  by  the  following  equation: 

V-IR  U-2  [e-t/,.t-«/,+t-9t/T.(.-16t/T  — ]}  (4.36) 


Figure  4.27  Diffusion-Type  Response  to  a Step  Function 

Figure  4.27  is  plotted  in  terms  of  a characteristic  time  constant, 
t,  sometimes  called  the  penetration  time  constant. 


where  p = resistivity  of  the  material 
a = thickness  of  the  wall 
P = relative  permeability  of  the  material 


The  response  curve,  shown  in  Figure  4.27,  is  called  a diffu- 
sion-type response  and  is  characteristic  of  many  types  of  situa- 
tions involving  the  transmission  of  energy  through  a distributed 
medium. 
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Several  important  observations  might  be  made  about  the  shape 
of  the  response  curve  shown  in  Figure  4.27.  The  first  is  that  the 
response  initially  changes  only  slowly  and  thus  has  a zero  first 
derivative,  unlike  a simple  exponential  response,  which  has  a finite 
first  derivative.  The  second  is  that  the  response  approaches  its 
final  value  much  more  slowly  than  does  a simple  exponential  response. 
The  third  is  that  in  three  time  constants  the  response  has  reached 
a large  fraction  of  its  final  value.  In  three  time  constants  the 
diffusion-type  response  reaches  90%,  while  the  exponential  response 
reaches  95%  of  its  final  value. 

With  respect  to  Equation  4.37,  it  should  be  noted  that  the 
penetration  time  constant  is  directly  proportional  to  the  permea- 
bility of  the  material,  inversely  proportional  to  the  resistivity 
of  the  material,  and  directly  proportional  to  the  square  of  thickness 
of  the  material.  The  relative  permeability  of  structural  material 
used  in  aircraft  is  almost  always  very  nearly  unity.  Thickness 
and  resistivity  can  vary  over  wide  ranges. 

For  reference,  Equation  4.37  is  shown  plotted  in  Figure  4.28 
as  a function  of  material  thickness  and  the  resistivity  of  the  ma- 
terial. The  resistivities  of  some  typical  metals  are  shown  in 
Table  4.2.  For  example,  if  we  assume  an  aluminum  alloy  of  resis- 
tivity twice  that  of  copper  and  a skin  thickness  of  0.040  in.,  the 


Figure  4.28  Skin  Thickness  vs.  Penetration  Time  Constant 
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TABLE  4.2 


RESISTIVITIES  OF  TYPICAL  METALS 


Resistivity 

Conductivity 
as  a fraction  of 

Resistivity 
relative  to 

Material 

ohm-meters 

that  of  copper 

copper 

copper 

1.68  x 10‘8 

1.0 

1.0 

aluminum* 

2.69  x 10'8 

0.62 

1.6 

magnesium** 

4.46  x 10'8 

0.38 

2.65 

nickel 

lOx  10'8 

0.17 

6 

Monel 

42  x 10'8 

0.04 

25 

stainless  steel 

70  x I O'8 

0.024 

42 

Inconel 

100  x 10-8 

0.017 

60 

titanium 

180  x 10'8 

0.004 

107 

‘Aluminum  alloys  range  from  2.8  to  5.6 
have  higher  resistivities. 

x 10“8  fi  in;  harder  alloys  generally 

“Magnesium  alloys  containing  aluminum  and  zinc  range  from 
O'm. 

10  to  17  x I0'8 

i—i 

penetration  time  constant  would  be  3.9  ps.  If  a step-function 
current  were  established  on  the  outside  of  a sheet  of  such  metal, 
it  would  take  11.7  ps  for  the  current  density  on  the  other  side 
to  build  up  to  90%  of  its  final  value. 

Returning  to  Figure  4.26,  we  are  now  in  a position  to  evalu- 
ate V- . The  fundamental  definition  of  the  voltage  between  any 
two  points  is 


V = / P dl  (4.38) 

where  P is  the  potential  at  any  point.  There  is  an  infinite  vari- 
ety of  paths  that  one  might  take  from  point  A to  point  D,  but  the 
simplest  to  consider  is  the  path  A-B-C-D.  The  path  A-B  is  along 
the  inner  surface  of  the  cylinder.  Integrating  along  this  path, 
the  potential  difference  obtained  is  the  internal  voltage  drop  on 
the  wall  of  the  cylinder.  Along  path  B-C  there  will  be  no  poten- 
tial difference,  since  we  have  assumed  that  the  end  cap  is  suffi- 
ciently massive  that  there  will  be  no  voltage  drops  along  its  in- 
ner surface.  Along  path  C-D,  again,  there  will  be  no  potential 
difference  because  we  will  assume  that  the  conductor  is  not  carry- 
ing any  current.  To  the  resistive  drops  will  then  be  added  the 
voltage  produced  around  the  loop  by  the  passage  of  changing  mag- 
netic fields  through  the  loop  ABCD.  As  explained  earlier,  in  a 
circular  geometry  there  is  no  magnetic  field  internal  to  the  cy- 
linder. Consequently,  there  will  be  no  magnetically  induced  com- 
ponent of  voltage,  and  V2  will  have  the  shape  shown  on  Figure  4.27, 
where  the  final  value  is  given  by  the  dc  resistance  drop  along 
the  cylinder. 
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4. 5. 1.2  Structures  of  Other  Than  Circular  Shape 


If  we  consider  a structure  of  other  than  circular  shape,  con- 
ditions may  be  considerably  different.  Figure  4.29  shows  an  ellip- 
tical cylinder  into  which  a step-function  current  is  injected. 

As  previously,  we  will  assume  that  the  cylinder  is  long  enough 
that  all  end  effects  may  be  neglected,  that  it  is  short  compared 
to  the  wavelengths  of  any  frequency  components  of  the  injected  cur- 
rent, and  that  the  return  path  for  the  current  is  far  enough  re- 
moved that  no  proximity  effects  need  be  considered. 


(c) 

Figure  4.29  Magnetic  Fields  Around  an  Elliptical  Cylinder 

(a)  Penetrating  Lines  of  Flux 

(b)  Detail  Showing  Resolution  into  Components 

(c)  Circulating  Currents  Induced  by  Penetrat- 
ing Lines  of  Flux 

We  will  also  treat  the  instantaneous  current  in  the  cylinder 
as  being  composed  of  the  sum  of  a steady  state  and  a transient 
component  of  current.  The  transient  component  takes  the  form  of 
a circulating  eddy  current.  For  the  following  section  it  should 
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be  kept  in  mind  that  the  eddy  currents  described  represent  only 
the  transient  component  of  current  and  that  the  total  current  at 
any  point  or  time  is  the  sum  of  the  two  components. 

Under  steady  state  conditions  the  current  density  along  the 
wall  of  the  cylinder  will  be  governed  by  the  dc  resistance  and, 
if  we  assume  uniform  wall  thickness,  will  have  a uniform  current 
density.  The  current  in  the  cylinder  will  produce  a magnetic  field. 
Most  of  the  field  lines  will  completely  encircle  the  cylinder,  as 
shown  in  Figure  4.29a,  but  some,  because  of  the  uniform  current 
density,  will  pass  through  the  cylinder.  The  greater  the  eccen- 
tricity of  the  cylinder,  the  greater  will  be  the  number  of  lines 
of  flux  passing  through  the  cylinder.  Those  lines  that  do  pass 
through  the  walls  of  the  cylinder  will  have  important  effects  on 
the  internal  response  of  the  cylinder  prior  to  the  time  that  steady 
state  conditions  have  been  established.  One  such  penetrating  line 
is  shown  in  Figure  4.29b.  The  vector  defining  that  line  may,  at 
the  point  of  entry,  be  resolved  into  vector  components,  one  normal 
to  the  surface,  <t>n,  and  another  tangential  to  the  surface,  <(>  . 

If  the  field  line  4>  is  suddenly  established,  it  will  induced 
circulating,  or  eddy,  current  in  the  conducting  sheet  which  it  at- 
tempts to  penetrate.  The  eddy  current  will  produce  a magnetic 
field  of  its  own,  and  the  intensity  of  the  eddy  current  will  be 
of  a nature  such  that  the  magnetic  field  produced  is  exactly  that 
required  to  cancel  the  normal  component  of  the  exterior  field. 

If,  as  shown  in  Figure  4.29c,  a number  of  lines  of  magnetic  flux 
attempt  to  penetrate  the  surface  of  the  elliptical  cylinder,  the 
eddy  currents  produced  by  each  line  of  flux  combine  to  produce  a 
circulating  current.  In  an  elliptical  cylinder  of  this  nature, 
there  will  be  four  regions  of  circulating  current,  two  on  each  of 
the  two  sides.  These  circulating  currents  will  be  of  a nature 
such  as  to  increase  the  current  density  at  the  edges  of  the  cylin- 
der and  to  reduce  it  along  the  center.  They  also  cancel  any  pen- 
etrating magnetic  field,  forcing  the  field  around  the  cylinder  to 
be  entirely  tangential  to  the  surface,  at  least  initially. 

The  eddy  currents  cannot  exist  forever,  since  energy  will  be 
lost  as  the  currents  circulate  through  the  resistance  of  the  metal 
sheet.  Accordingly,  the  current  density  at  all  points  will  vary 
with  time,  eventually  becoming  uniformly  distributed  in  structures 
having  uniform  thickness  and  made  of  uniform  resistivity  materials. 
Figure  4.30  shows  the  manner  in  which  the  current  density  will 
vary.  As  the  circulating  current  shown  in  Figure  4.30c  decays 
to  zero,  the  current  at  the  edge  will  decay  from  its  initial  high 
value  to  the  final  resistively  determined  value,  and  the  current 
at  the  center  will  increase  from  its  initially  low  value.  The 
current  densities  will  change  according  to  an  essentially  exponen- 
tial pattern,  though  the  transient  increase  in  surface  resistance 
produced  by  skin  effects  will  prevent  the  circulating  current  from 
following  a true  exponential  decay. 
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Figure  4.30  Variation  of  Current-Density  with  Time 

(a)  Current  Components  Defined 

(b)  Edge  and  Center  Currents 

(c)  Circulating  Currents 


One  expression  giving  the  magnitude  of  this  redistribution 
time  constant  that  has  appeared  in  the  literature  (Reference  4.10) 
is  — 


T 


pAa 

pP 


(4.39) 


where  A = enclosed  area  of  structure 

P = peripheral  distance  around  the  structure 

The  thickness  of  the  wall,  a,  is  assumed  to  be  very  small  compared 
to  other  dimensions.  For  a rectangular  box  of  sides  height  h and 
width  d.  Equation  4.39  becomes 

p h d a 
2p (h+d) 


t = 


(4.40) 


For  an  ellipse  of  major  and  minor  axes  and  &2  where  the  enclosed 
area  is 


A = - 

4 12 


and  the  peripheral  distance  is  approximately 


A2* 

= it/  — 


the  redistribution  time  constant  is 

i.  A 

T = Pa  . 1 2 

p /T~  A 2 + t22 


(4.41) 


(4.42) 


(4.43) 


As  the  circulating  currents  die  out  and  the  external  lines 
of  flux  penetrate  the  walls  of  the  cylinders,  there  will  be  set 
up  an  internal  magnetic  field  oriented  as  shown  in  Figure  4.31. 

In  its  latter  stages  the  rate  at  which  the  internal  field  builds 
up  will  be  dependent  upon  the  rate  at  which  the  externally  induced 
circulating  currents  die  away.  For  an  elliptical  cylinder  made 
of  aluminum  of  thickness  0.038  cm,  having  a major  axis  of  47  cm, 
a minor  axis  of  9.4  cm,  and  a peripheral  distance  of  98.7  cm,  the 
internal  field  will  build  up  with  a time  constant  of  the  1.16  ms. 


FINAL  FLUX  ORIENTATION 


/ 


Figure  4.31  The  Internal  Magnetic  Field  that  Arises 
as  a Result  of  Flux  Penetration 


The  early  time  build-up  of  the  magnetic  field  will  be  strongly 
influenced  by  the  phenomenon  of  skin  effect,  and  the  intial  rate 
of  build-up  of  magnetic  field  will  now  be  seen  to  have  an  important 
effect  on  the  voltages  induced  on  circuits  contained  within  such 
an  elliptical  cylinder.  Figures  4.26  and  4.27  showed  how  an  elec- 
tric field  will  be  built  up  along  the  inner  surface  of  a circular 
cylinder.  In  a similar  manner,  an  electric  field  will  be  built 
up  along  the  inner  surface  of  the  elliptical  cylinder,  but,  unlike 
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the  circular  cylinder,  the  electric  field  intensity  will  be  dif- 
ferent at  different  points  on  the  internal  surface  of  the  ellip- 
tical cylinder,  since  the  initial  current  density  on  the  outer 
surface  is  not  uniform.  The  internal  electrical  field  will  be 
essentially  proportional  to  the  current  density  on  the  exterior 
surface,  but  delayed  and  distorted  as  a result  of  the  pulse  pen- 
etration time  produced  by  eddy  currents  (shown  in  Figure  4.27). 

The  internal  electric  field,  E.,  being  different  at  different  points 
on  the  inner  surface,  will  give  rise  to  circulating  currents  on 
the  inner  surface.  The  currents  may  be  visualized  as  flowing  on 
paired  strips.  There  will  be  four  pairs  of  strips,  two  on  each 
of  the  sides  of  the  cylinder.  Each  of  these  strips  will  have  as- 
sociated with  it  an  inductance  and  a resistance. 

The  equivalent  circuit  governing  the  rate  of  build-up  of  in- 
ternal current  then  becomes  that  of  Figure  4.32,  which  may  be  sim- 
plified to  that  of  Figure  4.33.  If  e-  were  a step  function,  the 
build-up  of  current  would  follow  the  expression 

e . 

i = le 
circ  R 

If  the  internal  voltage  were  not  a step  function  but  were  governed 
by  some  other  function  of  time,  such  as  the  pulse  penetration  pre- 
dicted by  Equation  4.36,  the  internal  current  would  be 

i = f 6ief(t)  i f,  . -(t-x)/(I/R) 

circ  ' R dt 


The  convolution  integral  of  Equation  4.45  need  not  be  evaluated 
analytically,  since  only  the  early  time  rate  of  change  of  current 
is  important.  So  long  as  the  current  is  small,  the  voltage  across 
the  resistive  part  of  the  circuit  will  be  small  and  the  voltage 
across  the  inductive  part  will  be  equal  to  the  internal  resistance 
drop.  Under  these  conditions  the  internal  current  will  be 

I.  = f / e.  dt  (4.46) 

l . L ; ie 
circ 

The  internal  magnetic  field  will  follow  the  same  time  pattern  as 
that  of  the  build-up  of  the  internal  circulating  currents. 

We  are  now  in  a position  to  evaluate  the  voltages  on  conduc- 
tors contained  in  a cylinder  of  noncircular  geometry.  Figure  4.34 
shows  an  elliptical  cylinder  with  two  internal  conductors,  one  ad- 
jacent to  the  surface  and  one  in  the  center.  Both  are  connected 
at  one  end  to  an  end  cap  sufficiently  massive  that  no  voltage  drops 
will  appear  along  its  inner  surface.  The  other  ends  are  open  cir- 
cuited. The  usual  assumptions  about  the  length  of  the  cylinder 
and  the  return  path  for  the  injected  current  are  assumed  to  apply. 
Voltages  and  V2  are  shown,  both  being  measured  between  their 
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Figure  4.32  Factors  Governing  the  Early  Time  Build-up  of  the 

Internal  Magnetic  Field 

(a)  Physical  Factors 

(b)  Equivalent  Circuit 

respective  conductors  and  a point  on  the  inner  wall  of  the  cylin- 
der. Figure  4.34b  shows  that  all  of  the  internal  flux  will  pass 
between  Conductor  2 and  the  inner  wall  of  the  cylinder,  while  only 
a small  amount  will  pass  between  Conductor  1 and  the  inner  wall. 
Correspondingly,  a large  fraction  of  the  internal  flux  passes 
through  the  plane  defined  by  Conductors  1 and  2. 

The  voltage  between  any  two  points  is  defined  again  as  the 
line  integral  of  the  potentials  around  a closed  path.  Figures  4.35a 
and  4.35b  show  the  simplest  paths  to  consider.  V.  would  be  the 
sum  of  the  potentials  developed  around  the  loop  ABCD.  If  there 
is  no  current  along  Conductor  1,  the  potential  along  path  A-B  will 
be  zero.  The  potential  drop  along  the  path  B-C  will  be  zero  because 
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Figure  4.33  Final  Equivalent  Circuit  Governing  Increase 
of  Internal  Circulating  Circuit 


A POINT  ON  THE 
INNER  Vt  All 


CONDUCTOR  I CONDUCTOR  2 


Figure  4.34  Factors  Governing  the  Internal  Voltage 

(a)  The  Geometry 

(b)  Internal  Flux  Linkages 

of  the  assumptions  regarding  the  end  cap.  The  potential  along 
the  path  C-D  will  then  be  the  voltage  drop  produced  by  the  inner 
current  density  times  the  resistivity  of  the  material  along  the 
path  C-D.  To  these  potentials  must  be  added  the  voltage  induced 
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Figure  4.35  The  Internal  Voltages 

(a)  Detail  of  the  Edge  Surface 

(b)  Paths  of  Integration 

(c)  Components  of  V, 

(d)  Components  of 

magnetically  by  the  changing  magnetic  flux  passing  through  the 
loop  defined  by  the  points  A,B,  C,  and  D.  If  the  spacing  of  the 
conductor  to  the  wall  is  made  vanishingly  small,  so  that  C-B  and 
D-A  become  zero,  there  will  be  no  magnetic  flux;  hence  the  volt- 
age  between  points  A and  D will  be  only  the  resistive  voltage 


drop  along  the  path  C-D.  As  in  the  cylindrical  geometry  case, 
the  voltage  for  a step-function  current  injected  into  the  exterior 
of  the  tube  will  build  up  according  to  the  pattern  shown  in  Figure 
4.27.  Its  magnitude  will  be  greater  than  the  dc  resistance  drop 
by  the  ratio  to  which  the  initial  current  density  on  the  exterior 
along  the  end  of  the  ellipse  exceeds  the  steady  state  current  den- 
sity. 


V2  will  again  be  the  sum  of  a resistive  voltage  and  a magnet- 
ically induced  voltage,  this  time  along  the  path  E-F-C-D.  The 
resistive  component  will  be  identical  to  the  resistive  component 
of  V^,  the  resistance  drop  along  the  path  identical  to  the  resis- 
tive'1 component  of  V.,  the  resistance  drop  along  the  path  C-D. 

For  V2,  however,  there  will  be  a nonzero  magnetic  component  of 
voltage  produced  by  the  passage  of  a finite  amount  of  magnetic 
flux  through  the  finite  loop  EFCD.  The  magnetically  induced  com- 
ponent of  voltage  will  be  given  by 

em  = U = K l1  ■ \ (4.47) 

m dt  dt  1 circ  j 

where  K is  a proportionality  constant  relating  the  flux  produced 
in  the  loop  EFCD  to  the  internal  current.  In  Equation  4.46,  how- 
ever, it  was  shown  that  the  internal  current  was  proportional  to 
the  integral  of  the  internal  resistance  drop.  This  leads  to  the 
rather  unusual  observation  that  the  magnetically  induced  component 
of  voltage  has,  initially  at  least,  the  same  waveshape  as  the  com- 
ponent of  voltage  produced  by  the  flow  of  internal  current  density 
through  the  resistance  of  the  material.  The  long-term  response 
of  the  magnetically  induced  voltage  will  be  different  from  the 
resistively  generated  component,  since,  as  steady  state  conditions 
are  reached  and  the  internal  magnetic  field  reaches  its  final  value, 
its  rate  of  change  will  decrease  to  zero. 

The  magnitude  of  the  magnetically  induced  voltage  will  depend 
upon  the  location  of  the  conductor  and  upon  the  degree  to  which 
the  initial  distribution  of  magnetic  flux  around  the  outside  of 
the  cylinder  differs  from  the  final  distribution  of  magnetic  flux. 
Since  the  difference  between  the  initial  and  the  final  flux  patterns 
is  greater  for  cylinders  of  high  eccentricity  than  it  is  for  cylin- 
ders of  low  eccentricity,  it  follows  that  the  flatter  the  cylinder, 
the  greater  will  be  the  influence  of  the  magnetic  component. 

4.5.2  Experimental  Verification 

An  example  may  better  illustrate  the  diffusion  coupling  mech- 
anism. Figure  4.36  shows  how  a group  of  conductors  were  located 
inside  an  elliptical  cylinder  formed  from  an  aluminum  sheet  0.38 
mm  (0.015  in.)  thick.  A pulse  of  current  was  injected  into  one 
end  of  the  elliptical  cylinder.  The  voltages  induced  upon  the 
various  conductors  by  the  current  were  measured. 

Typical  tests  results  are  shown  in  Figures  4.37  and  4.38;  Fig- 
ure 4.37  shows,  on  four  different  time  scales,  the  injected  current 
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Figure  4.36 


Arrangement  of  Conductors  Inside 
Elliptical  Cylinder 


(a)  Detail 

(b)  End  View  Showing  Locations  of 
Conductors 

(c)  Electrical  Termination  of  In- 
ternal Conductors  (Typical) 

and  the  line-to-ground  voltage  on  two  different  conductors,  Con- 
ductor 1 located  adjacent  to  the  small  radius  end  of  the  ellipse 
and  Conductor  7 located  near  the  center.  With  the  exception  of 
the  oscillograms  displayed  at  500  ms  per  division,  the  input  cur- 
rent can  be  considered  as  a step-function  current.  In  both  cases 
the  line-ground  voltage  is  seen  to  display  the  pulse  penetration- 
type  response  shown  in  Figure  4.27.  The  small  bump  at  the  lead- 
ing end  of  the  voltage  on  Conductor  1 is  primarily  the  result  of 
leakage  from  the  surge  generator  into  the  screen  room  housing  the 
measuring  instruments  and  to  coupling  from  the  trigger  pulse  used 
to  fire  the  surge  generator.  In  both  cases  the  initial  rise  of 
voltage  follows  the  same  pattern  and  reaches  essentially  its  final 
value  in  about  3 ps,  a time  in  accordance  with  three  times  the 
calculated  pulse  penetration  time  constant  of  1.2  ps  calculated 
for  aluminum  of  0.015  in.  thickness.  At  later  times,  the  voltage 
on  Conductor  1 is  seen  to  decay  back  toward  a lower  final  value 
in  the  manner  shown  in  Figure  4.35.  Likewise,  the  voltage  on  Con- 
ductor 7 is  seen  to  be  nearly  flat,  rising  only  slightly,  as  shown 
in  Figure  4.37.  It  is  probably  a fortuitous  combination  of  con- 
ductor location  and  the  characteristics  of  the  elliptical  cylin- 
der that  result  in  the  voltage  on  Conductor  7 being  nearly  flat. 

If  the  injected  current  were  truly  a step  function,  the  two  volt- 
ages would  eventually  become  equal  to  the  dc  resistance  drop.  The 
bottom  set  of  oscillograms  indicates  that  the  current  significantly 
departs  from  a step-function  current  pattern  at  later  times,  and 
this  is  reflected  in  the  long-time  response  of  the  two  line-ground 
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Figure  4.37  Variation  of  Conductor  Voltage  with  Time 
(Leading  edges  of  waveforms  retouched  for 
photographic  clarity) 

voltages.  Just  as  the  voltage  on  Conductor  7 lagged  behind  the 
voltage  on  Conductor  1 during  the  initial  phase  of  the  response, 
it  lags  behind  during  the  final  decay  of  the  current.  The  redis- 
tribution time  constant  with  which  V.  decays  toward  its  final  value 
is  seen  to  be  of  the  order  of  1 ms,  in  accordance  with  the  value 
(1.16  ms)  predicted  by  Equation  4.43. 

Figure  4.38  shows  the  voltages  between  conductors  (displayed 
on  two  separate  oscilloscopes  and  hence  displayed  on  two  separate 
oscillograms)  and  the  integral  of  the  conductor-to-conductor  volt- 
age. This  latter  is  of  course  proportional  to  the  magnetic  flux 
that  builds  up  internal  to  the  cylinder.  Since,  at  early  times, 
the  line-to-ground  voltages  have  the  same  waveshape  but  different 
amplitudes,  it  follows  that  the  line-line  voltage  will  also  have 
that  waveshape.  Unlike  the  line-ground  voltages,  the  line-line 
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Figure  4.38  Difference  Voltages  and  Total  Flux 

(Leading  edges  of  waveforms  retouched 
for  photographic  clarity) 

voltage  decays  toward  zero.  Since  the  input  current  was  not  a step- 
function  current,  the  oscillograms  displayed  at  500  ys  per  divi- 
sion show  the  line-line  voltage  decaying  to  zero  and  then  revers- 
ing as  the  input  current  decays  and  the  internal  magnetic  fields 
attempt  to  follow  the  decaying  external  magnetic  fields.  The  in- 
put current  did  not  last  long  enough  for  the  magnetic  field  to 
reach  a steady  state  value,  but  the  oscillograms  do  indicate  that 
it  seems  to  crest  at  about  850  ys.  Why  the  indicated  magnetic 
field  does  not  crest  at  the  time  the  line  voltage  goes  through 
zero,  1300  ys,  is  not  known.  Perhaps  instrumentation  errors  in 
the  integrator  are  to  blame.  At  any  rate,  the  decay  time  constant 
for  the  line-line  voltage  agrees  with  the  value  predicted  by  Equa- 
tion 4.43. 

With  a somewhat  different  waveshape  of  injected  current,  Fig- 
ure 4.39  shows  the  voltages  as  a function  of  the  position  of  the 
conductor.  The  voltage  on  Conductor  8 was  not  shown;  however,  it 
was  virtually  identical  with  that  shown  for  Conductor  5. 
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Figure  4.39  Voltages  as  a Function  of  Position 
4.5.3  Fields  Within  Cavities 

The  nature  of  the  diffusion  fields  within  cylindrical  struc- 
tures, whether  circular,  elliptical,  or  some  other  shape,  is  fun- 
damental to  an  understanding  of  the  diffusion  phenomena.  In  some 
cases  those  structures  are  representative  of  actual  aircraft  struc- 
tures, wings  and  fuselages  being  obvious  examples.  Most  commonly, 
however,  the  structure  is  not  as  simple  as  these  examples.  A sim- 
ple calculation  of  the  field  within  a cylindrical  fuselage  is  not 
of  much  use  if  that  fuselage  is  filled  with  an  engine,  for  exam- 
ple. The  engine  itself  is  not  susceptible  to  electromagnetic  fields 
but  would,  in  any  case,  change  the  electromagnetic  fields  from  what 
they  would  be  in  an  otherwise  empty  structure. 

A problem  of  more  importance  is  that  of  determining  the  fields 
within  enclosures,  such  as  a gun  bay  or  an  electronic  bay.  Such 
enclosures  are  frequently  exposed  to  the  external  magnetic  field 
on  only  one  side,  either  because  the  interior  walls  are  thick 
enough  to  provide  more  shielding  from  the  other  parts  of  the  ex- 
ternal field  or  because  the  enclosure  is  much  closer  to  one  of 
the  external  surfaces  than  it  is  to  any  of  the  other  external  sur- 
faces. The  analytical  tools  available  to  calculate  the  fields 
within  such  enclosures  are  not  as  well  developed  as  the  tools  to 
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calculate  fields  within  complete  structures,  such  as  wings  or  fuse- 
lages. Some  observations  about  the  character  of  fields  within 
such  enclosures,  however,  are  still  in  order. 

Consider  the  elementary  enclosure  shown  in  Figure  4.40.  We 
will  treat  only  the  external  field  shown.  The  current  in  the  outer 
sheet  will  produce  an  electric  field  along  the  inner  face  of  that 
sheet,  the  electric  field  rising  to  its  final  value  in  accordance 
with  the  diffusion  phenomena  discussed  earlier.  Connected  to  that 
inner  surface  is  the  metal  sheet  forming  the  inner  wall  of  the 
cavity.  The  electric  field  produced  on  the  inner  surface  of  the 
outer  sheet  will  act  to  divert  part  of  the  total  current  onto  the 
inner  sheet.  The  inner  current  can  be  considered  a circulating 
current,  the  current  on  the  inner  sheet  being  equal  to  the  circu- 
lating current  and  the  current  on  the  outer  sheet  being  the  sum 


Figure  4.40  A Cavity  Exposed  to  a Field  on  Only  One  Side 

(a)  Cavity  and  External  Field  Orientations 

(b)  Internal  Magnetic  Field  and  the  Current 
Loop  Defining  the  Internal  Inductance 
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of  the  circulating  current  and  the  external  current.  The  current 
components  and  the  general  nature  of  how  they  change  with  time 
are  shown  on  Figure  4.41.  The  rate  at  which  the  circulating  cur- 
rent builds  up  to  its  final  value  is  the  rate  at  which  the  internal 
magnetic  field  builds  up. 
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Figure  4.41  Generalized  Behavior  of  Current  and  Magnetic  Field 

(a)  Total  Current  (step  function) 

(b)  Current  on  Inner  Surface  of  Outer  Sheet 

(c)  Current  on  Inner  Sheet  (Also  Shape  of 
Magnetic  Field) 

The  rate  at  which  the  circulating  current  builds  up  is  deter- 
mined by  the  internal  impedance  of  the  cavity.  The  voltage  devel- 
oped along  the  inner  surface  of  the  outer  sheet  by  the  flow  of 
current  through  that  sheet  may  be  viewed  as  impressed  across  a 
loop  or  cavity  inductance,  Z 

z = R + jwL  (4.48) 

Both  the  resistance  and  inductance  will  be  governed  by  the  effec- 
tive characteristics  of  the  loop  defining  the  cavity. 

Typical  current  paths  and  their  characteristic  impedances 
are  shown  in  Figure  4.42.  Some  cavities  may  be  viewed  as  being 
sufficiently  long  and  narrow  that  they  may  be  defined  by  parallel 
strips.  Others  are  basically  of  rectangular  or  circular  shape, 
or  of  some  simple  shape  that  may  be  approximated  by  an  equivalent 
circular  cylinder.  The  inductance  and  resistance  of  each  config- 
uration are  shown.  Each  of  the  inductance  equations  (Reference 
4.11)  has  a correction  factor  loge  k,  F',  K that  relates  to  the 
shape  of  the  enclosure.  These  correction  factors  are  shown  in 
Figure  4.43. 
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Figure  4.42  Typical  Current  Paths  and 
Characteristic  Impedance 

(a)  Long  Sheets 

(b)  Rectangular  Box 

(c)  Circular  Cylinder 

If  the  cavity  is  provided  with  a removable  cover  and  if  this 
cover  is  in  the  external  current  flow  or  is  exposed  to  the  external 
magnetic  field,  the  effects  are  as  illustrated  in  Figure  4.44. 

If  the  cover  is  assumed  to  be  of  the  same  material  and  thickness 
as  the  rest  of  the  face  upon  which  it  is  mounted,  the  principal 
effects  are  related  to  the  resistance  of  the  fasteners  used,  to 
hold  the  cover  in  place.  The  covers  will  seldom  make  good  elec- 
trical contact  to  the  rest  of  the  surface  except  at  the  fasteners 
themselves.  Accordingly,  the  external  currents  flowing  in  the 
face  will  be  constricted  in  the  vicinity  of  the  fastener  and  pass 
from  that  face  onto  the  cover  through  the  fastener.  The  major 
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Figure  4.43  Correction  Factors  for  Inductance 

(a)  Parallel  Strips 

(b)  Rectangular  Boxes 

(c)  Circular  Cylinders 

effect  of  this  constriction  of  current  flow  is  to  introduce  a 
lumped  resistance  into  the  electrical  circuit,  although  there 
is  a certain  amount  of  influence  on  the  inductance  of  the  circuit 
whenever  the  current  is  constricted.  It  will  be  seen,  then,  that 
the  greater  the  number  of  fasteners,  the  less  the  restriction  of 
current  flow  and  the  less  resistance  inserted  into  the  current 
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Figure  4.44  Effects  of  Covers  and  Fasteners 

path.  The  resistance  introduced  by  the  fasteners  is  important 
because  it  is  frequently  much  higher  than  the  intrinsic  resistance 
of  the  metal  surface  and  because  the  resistance  is  not  subjected 
to  the  skin  effects  that  retard  the  build-up  of  current  density 
on  the  inner  surface. 

An  equivalent  circuit  of  the  cavity,  including  the  effects 
of  fasteners,  is  shown  in  Figure  4.45.  is  the  equivalent  re- 

sistance of  the  fasteners.  Circulated  through  this  resistance  is 
the  undistorted  current  flowing  in  the  exterior  face  of  the  fuse- 
lage. The  sum  of  R,  and  R2  is  equal  to  the  intrinsic  resistance 
of  the  loop-defining  cavity,  the  resistances  given  by  the  equations 
in  Figure  4.42.  The  external  current  will  develop  a voltage  across 
only  a portion  of  this  resistance,  since  it  flows  in  only  a por- 
tion of  the  loop.  Letting  R^  be  the  resistance  through  which  the 
external  current  flows,  that  resistance  may  be  assumed  to  be  sub- 
jected to  the  current  as  retarded  by  the  pulse  penetration  time 
constant.  The  two  voltages  developed  across  these  resistances 
then  circulate  current  around  the  entire  loop.  The  rate  at  which 
the  current  builds  up  will  then  be  the  rate  at  which  the  magnetic 
field  inside  the  cavity  builds  up. 

4.5.4  Diffusion  Theory  - A Summary 

Diffusion  is  a low-frequency  phenomenon  tied  in  with  the  volt- 
ages produced  by  the  flow  of  current  through  the  resistance  of  the 
metallic  surface.  The  voltages  produced  on  conductors  within  a 
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Figure  4.45  Possible  Equivalent  Circuit  Governing  Build-up  of 
Magnetic  Field  Inside  a Cavity 

structure  are  the  sum  of  those  produced  by  the  resistance  drops 
and  by  the  changing  magnetic  field  passing  between  a conductor 
and  the  return  path  for  that  conductor,  whether  it  is  the  metal 
surface  through  which  the  external  current  is  flowing  or  whether 
it  is  a separate  conductor.  It  is  difficult,  however,  to  separate 
the  two  components  of  voltage,  since  the  magnetically  induced  com- 
ponent has,  initially,  the  same  waveshape  as  that  of  the  resistiv- 
ely  generated  electric  field  along  the  inner  surface.  This  some- 
what puzzling  phenomenon  is  merely  a reflection  of  the  fact  that 
the  internal  current,  and  hence  the  internal  magnetic  field, build 
up  at  a rate  proportional  to  the  integral  of  the  electric  field 
on  the  inner  surface.  The  magnetically  induced  voltage,  respond- 
ing as  it  does  to  the  derivative  of  the  magnetic  field,  of  course 
has  the  same  waveshape  as  that  of  the  internal  electric  field. 

In  response  to  a step  function  of  current  on  the  outer  sur- 
face of  the  structure,  the  electric  field  on  the  inner  surface 
builds  up  according  to  a pattern  characteristic  of  diffusion  of 
energy  through  a distributed  medium.  The  waveshape,  given  by  Equa- 
tion 4.36  and  Figure  4.27,  is  characterized  by  a time  constant 
called  the  pulse  penetration  time.  The  magnitude  of  the  pulse 
penetration  time  is  given  by  Equation  4.37  and  is  on  the  order  of 
microseconds  or  tens  of  microseconds  for  the  materials  commonly 
used  to  form  the  metal  surface  of  an  aircraft. 

The  factors  governing  the  rate  at  which  the  field  builds  up 
to  its  final  value  are  the  internal  resistance  and  inductance  of 
the  structure  or,  more  accurately,  the  internal  impedance  of  the 
enclosure.  Resistance  and  inductance  form  the  only  components  of 
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impedance  that  are  of  importance,  since  the  electric  field  is  too 
low  in  amplitude  and  changes  too  slowly  for  the  internal  capaci- 
tance to  play  any  significant  role.  The  magnitude  to  which  the 
internal  magnetic  field  builds  up  depends  upon  the  degree  to  which 
the  external  current  is  nonuniformly  distributed  over  the  surface 
of  the  structure. 

The  rate  at  which  the  external  current  density  changes  from 
its  initial  nonuniform  distribution  to  its  final  uniform  distribu- 
tion also  involves  the  resistance  and  inductance  of  the  structure. 
The  time  constant  governing  the  build-up  of  the  magnetic  field 
internal  to  the  structure  and  the  time  constant  governing  the  re- 
distribution of  current  on  the  external  structure  are  virtually 
identical.  The  governing  time  constant  is  called  the  redistribu- 
tion time  constant  and  is  given  by  Equation  4.39.  It  is  governed 
by  "“the  ratio  of  the  enclosed  area  to  the  peripheral  distance  around 
the  structure.  Typical  redistribution  time  constants  are  on  the 
order  of  milliseconds. 

Since  the  time  constant  characterizing  the  diffusion  phenom- 
ena are  longer  (usually)  than  the  waveforms  associated  with  the 
return  stroke  of  lightning,  it  follows  that  the  internal  magnetic 
fields  will  not  reach  their  ultimate  magnitude  when  an  aircraft 
carries  lightning  current.  It  also  follows  that  the  duration  of 
the  magnetic  fields  in  an  aircraft,  at  least  those  where  the  dom- 
inant coupling  mode  is  diffusion,  will  be  of  longer  duration  than 
the  lightning  current. 

Diffusion  effects  also  govern  the  fields  within  cavities, 
particularly  those  with  tightly  fastened  doors  or  covers.  The 
tools  available  to  evaluate  fields  within  cavities  are  not  as  well 
developed  as  those  available  to  evaluate  the  fields  within  struc- 
tures exposed  to  ^he  field  on  all  sides,  such  as  wings  and  fuse- 
lages. The  fasterters  used  to  hold  covers  in  place  over  cavities 
have  an  important  effect  on  the  fields  within  the  cavities.  Be- 
fore these  effects  can  be  evaluated  analytically,  measurements  of 
the  effective  resistance  introduced  into  the  current  path  by  those 
fasteners  must  be  supplied.  At  the  present  time  there  are  no  such 
measurements. 

4.6  THE  COMPUTER  PROGRAM  DIFFMAG 

4.6.1  Introduction 

DIFFMAG  is  a program  that  calculates  the  magnetic  field  in 
and  around  a group  of  current  carrying  conductors.  Figure  4.4 
showed  how  a group  of  conductors  could  be  used  to  represent  a con- 
tinuous structure,  and  Section  4.2.2  discussed  the  degree  to  which 
such  a group  of  conductors  could  allow  one  to  calculate  the  mag- 
netic field  at  the  surface  of  a structure  so  defined.  As  presented 
in  Sections  4.4.1  and  4.5.1,  that  surface  magnetic  field  intensity 
is  the  starting  point  for  a calculation  of  the  fields  internal  to 
the  structure.  In  Figure  4.4,  the  surface  was  defined  by  a group 
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of  parallel  conductors.  DIFFMAG  allows  the  conductors  to  be  skewed 
with  respect  to  each  other.  If  they  skewed,  the  field  will  be  dif- 
ferent at  varying  points  along  the  length  of  the  surface.  In  this 
respect,  DIFFMAG  differs  from  similar  routines  used  in  earlier  works 
that  could  only  deal  with  parallel  conductors. 

Section  4.5.1  discussed  how  the  magnetic  field  changes  from 
a pattern  governed  by  the  magnetically  distributed  currents  on  the 
surface  to  a pattern  governed  by  the  resistively  distributed  cur- 
rents. DIFFMAG  calculates  the  magnetic  field  under  the  two  con- 
ditions. The  transition  between  the  two  takes  place  with  a time 
constant  given  by  Equation  4.39.  DIFFMAG  provides  some,  but  not 
all,  of  the  terms  that  one  needs  to  calculate  that  time  constant. 

Section  4.4  discussed  the  ways  that  the  program  APERTURE  allows 
one  to  specify  whether  the  fields  were  to  be  tabulated  at  discrete 
points  or  not,  the  range  over  which  they  should  be  calculated,  and 
the  type  of  format  in  which  the  output  was  to  be  presented.  DIFFMAG 
provides  the  user  the  same  type  of  options.  To  the  degree  possible, 
the  format  of  the  input  data  file  was  made  similar  to  the  format 
of  the  input  data  file  used  for  APERTURE.  DIFFMAG  also  allows  one 
to  calculate  the  total  flux  passing  through  loops  within  the  struc- 
ture, in  a manner  similar  to  APERTURE. 

DIFFMAG  is  composed  of  a MAIN  program  and  several  subroutines. 
The  theory,  program  listings,  and  flow  charts  of  the  various  parts 
will  be  discussed  separately. 

4.6.2  MAIN 

The  MAIN  portion  of  the  program  supplies  the  program  steps 
necessary  to  read  the  required  data,  call  upon  the  various  subrou- 
tines, and  print  the  necessary  output  data.  In  MAIN  is  also  cal- 
culated the  manner  in  which  the  current  divides  among  the  various 
conductors  with  which  one  defines  the  structure  under  study.  A 
major  task  done  in  MAIN  is  to  calculate  the  self-  and  mutual  in- 
ductances of  the  various  filaments,  since  it  is  those  inductances 
that  determine  the  manner  in  which  the  current  distributes. 

4. 6. 2.1  Theory  Behind  MAIN.  In  Figure  4.46,  a surface  defined 
by  a group  of  conductors  or  filaments  is  shown.  The  conductors 
are  joined  at  their  ends  by  conducting  sheets.  The  sheets  are 
shown  here  as  planes,  but  they  could,  in  concept,  be  any  surface. 

A current  is  shown  entering  one  of  the  sheets  and  exiting  from  the 
other  sheet.  Each  of  the  conductors  has  associated  with  it  a self- 
inductance and  between  each  pair  of  conductors  there  is  mutual  in- 
ductance. Let  the  self-inductances  be  L^,  L2  • • • Ln  and  the  mu- 
tual inductances  be  m^-j  . . . M—  where  i and  j both  extend 

from  1 to  the  total  number  of  conductors  n.  Let  these  inductances 
be  arranged  as  shown  in  Figure  4.47.  One  can  then  formulate  the 
following  set  of  equations  that  relate  the  voltage  across,  and  the 
current  through,  each  of  the  conductors  to  the  various  inductances. 
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(4.52) 


Vn/w  -Mnl1rMn212“Mn3V  * ' * + Ln1n 


If  the  angular  frequency  w is  suppressed,  Equations  4.49 
through  4.52  may  be  placed  in  matrix  notation  as  follows: 


■vr 

L1  -m12-m13  • • • • _Mln 

_il“ 

V2 

-M21+L2-M23  ....  -M2n 

12 

v3 

-M31-M32-L3  ....  -M3n 

X 

i3 

,vn_ 

_-Mnl-Mn2-Mn3  • • • • 

_in 

(4.53) 


or,  in  more  compact  notation 

I'M-  lMl  M M 


(4.54) 


In  Equations  4.53  and  4.54,  the  normalized  angular  frequency 
0)  has  been  set  equal  to  unity. 

Multiplying  by  the  inverse  of  the  M matrix,  | m|  gives  the 
following : 

[m]  1 x = C M J 1 x Ilm-1  xLiJ  (4.55) 


or 


[■]-[■] 


x v 


(4.56) 


mllm12m13 

m21m22m23 

m31m32m33 


m 


In 
m2n 


. m 


3n 


(4.57) 


where  m 
tr  ix. 


11'  m12  * 


i3  mnlmn2mn3  • • • • mnn 


. are  the  elements  of  the  inverse  of  M ma- 

nn 


193 


‘ \v 


If  all  of  the  voltages  are  the  same  and  equal  to  V,  as  is 
the  case  if  all  of  the  inductances  are  connected  in  parallel,  the 
absolute  current  in  each  element  is 


il  = (mll  + m12  + m13  ' ’ ’ * + “in5  V 


(4.58) 


i2  (m12  + m21  + m23  . . . . + m2n)  V 


(4.59) 


13  = (m31  + m32  + m33  * ’ * * + m3n)  V 


(4.60) 


i = (m.,+m_+m,....+m  )V 
n nl  n2  n3  nn 


(4.61) 


The  total  current  that  flows,  which  is  proportional  to  the 
impressed  voltage,  is 


U1  + *2  + 13  + • * ' ’ in)  V 


(4.62) 


The  fraction  of  the  total  current  that  flows  in  each  circuit 


xi-r- 

r 


z2  = ~ 
r 


I3  _ i 


(4.63) 


(4.64) 


(4.65) 


I = — 
n l 


(4.66) 


Under  dc  conditions,  the  current  divides  according  to  the 
dc  resistance  of  the  conductors.  In  DIFFMAG,  the  current  is  as- 
sumed to  divide  directly  with  the  diameter  of  the  conductors  and 
inversely  as  their  length.  The  program  thus  assumes  all  conduc- 
tors to  be  made  of  the  same  material  or  to  have  all  the  same  con- 
ductivity. Conductivity  could  be  entered  as  an  input  quantity, 
but  that  refinement  was  not  felt  to  be  necessary. 

Another  refinement  that  could  be  made  would  allow  one  to  de- 
termine the  division  of  current  as  a function  of  frequency.  In 


Equations  4.53  through  4.66,  the  angular  frequency  a>  was  suppressed 
If  it  were  not  suppressed  and  impedance  terms  were  to  be  expressed 
as 


Z = R + ju)L 


(4.67) 


the  matrix  inversion  and  manipulation  routines  would  give  the  di- 
vision of  current  as  a function  of  frequency.  Drawbacks  to  doing 
this  are  that  the  matrices  would  have  to  be  inverted  at  each  fre- 
quency, and  that  the  output  of  current  division  would  have  to  be 
printed  at  each  frequency.  Those  matrices  are  frequently  rather 
large  and  the  amount  of  output  data  would  be  sizable.  Neverthe- 
less, that  is  a refinement  that  might  be  worth  making  at  some 
time. 


The  calculation  of  inductance  of  the  conductors  starts  with 
a description  of  where  the  conductors  are  located  in  space.  That 
description  includes  the  location  of  the  end  points,  the  conduc- 
tor length,  and  the  diameter  of  the  conductor,  quantities  that 
are  illustrated  in  Figure  4.48.  The  various  quantities,  which 
must  be  entered  as  data  by  the  user,  are  stored  in  a matrix  D 
(i,j),  the  layout  of  which  is  illustrated  in  Figure  4.49.  The 
length  of  the  filament  can  be  calculated  from  the  locations  of 
the  end  points  as 

f 2 2 2I  1/2 

l = (Xs  -xf)  + (Ys  - Yf)  + (Zs  - zf)  (4.68) 

and  is  stored  in  location  D(i,9). 


Figure  4.48  A General  Conductor  in  Space 
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Figure  4.49  Layout  of  Matrix  D(i,j) 

4.6. 2. 2 Calculation  of  Mutual  Inductance.  As  a general  case 
there  are  two  conductors  oriented  in  space.  The  conductors  neither 
intersect  nor  do  their  projections  meet  at  a common  point;  thus, 
they  do  not  lie  in  the  same  plane.  If  the  filaments  are  parallel 
or  lie  in  the  same  plane,  they  constitute  special  cases  and  are 
dealt  with  separately.  The  calculation  of  inductance  follows  the 
formulation  given  by  Grover  (Reference  4.12). 

General  Case.  The  general  case  is  illustrated  in  Figure  4.50. 

The  two  conductors  are  designated  by  their  end  points  AB  and  ab. 
They  have  lengths  of  i and  m,  respectively.  Planes  are  passed 


c 


Figure  4.50  Two  Filaments  Placed  in  any  Arbitrary  Locations 
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through  the  filaments  in  such  a way  as  to  intersect  at  right 
angles.  In  Figure  4.50,  PC  represents  the  line  of  intersection. 
The  angle  formed  by  the  line  of  intersection  and  the  projection 
of  conductor  AB  is  designated  e.  Ri  through  R4  represent  the  dis- 
tances between  the  ends  of  the  filaments.  Other  relevant  quan- 
tities are  given  in  Figure  4.50.  Then 


2 2 2 2 2 
« = r4  -r3  + r2  -Ri 


Cose  = 


U = l 


2tm 


2 m2  (R22  -R32  -i2)  + a2  (R^  -R32  -m2) 
4 l 2 m 2 - a4 


2 l2  (R42  -R32  - m2)  + a2  (R22  -R32  -£2) 
4 i 2 m 2 - a4 


(4.69) 

(4.70) 

(4.71) 

(4.72) 


2 2 2 
d =R3~m  -v  + 2 p v Cos  e 


(4.73) 


let 


ft  = tan 


-1 


2 2 
d Cos  e + (u  + D (v  + m)  sm  e 


d R^  sin  e 


- tan 


2 2 
d Cos  e + (u  + l)  v sin  e 

d R2  sin  e 


+ tan 


-1 


,2  . 2 
d Cos  e + u v sin  e 


d R3  sin  e 


tan 


2 2 
d Cos  e + u (v  + m)  sin  e 


d R.  sin  e 

4 


(4.74) 
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then 


0 . 2 cos  e 


= (p  + «.)  tanh  — 


R1  + R2 


+ (v  + m)  tanh 


-1  i 


R1  + R4 


- p tanh 


- v tanh 


R3  + R4 


-1  l 


R2  + R3 


p H/m 


(4.75) 


An  alternative  formulation  of  Equation  4.75  that  avoids  the 
use  of  inverse  hyperbolic  functions  is  possible  by  noting  that 


“1  1 , 1 + X 

tanh  x = — log  e x 


(4.76) 


or  that 


„ i R,  + R„  + m 

m 1 , _1  2 

Rx  + R2  "2  °9  e Rx  + R2  - m 


(4.77) 


Then 


0 . 2 Cos  £ 


/ , » , R,  + + m 

= (n  + D log  E 1 2 

2 Rx  + R2  - 


R1  + R4  + l 

. (v  + m ) loq  £ — 

+ 2 Rx  + Rj  ~ i 


, R,  + R.  + m 

- log  e 

2 * R + R - m 

3 4 


▼ 


Conductors  in  the  Same  Plane;  Not  Intersecting  and  Not  Parallel. 
This  case  is  illustrated  in  Figure  4.51.  The  expression  for  mu 
tual  inductance  is  the  same  as  Equation  4.75  or  Equation  4.78  ex 
cept  that 


n = 0 (4.79 


Figure  4.51  Two  Filaments  in  the  Same  Plane 
but  not  Parallel 

Parallel  Conductors.  This  case  is  illustrated  in  Figure  4.52. 

If  we  let 

a=Jt  + m+  6 (4.80 


8 = l + 6 (4.81 


3 = m + 6 (4.82 


Figure  4.52  Parallel  Filaments 


then 


= a sinh  1 j - g sinh  _1  f-  - 3 sinh  _1  - 

add 

+ 6 sinh  1 — /a2  + d2  + v^2  + d2 


+ V^2  + d2  - A2  + d2 


U H/m 


(4.83) 


The  inverse  hyperbolic  sines  may  be  eliminated  by  makinq  use 
of  the  identity 


Then 


sinh  1 x = loge  ( X + A 2 + 1 


0.001  - a loge 

a* 

- 6 loge 

(i* 

/ (f)2  + i) 

— 3 log£ 

(h 

/ <!>2  ♦ ! 

+ 6 loge 

(!* 

— /a 

+ d 2 

♦ f7 

+ d2 

♦ r* 

+ d2 

- 

- /7~, 

■d  2 

(4.84) 


(4.85) 


4. 6. 2. 3 Calculation  of  Self-Inductance.  When  stepping  through 
the  conductors  from  I = 1 to  NCOND  and  J = 1 to  NCOND , there  will 
be  times  when  I = J.  Under  these  conditions  the  self-inductance 
must  be  calculated.  For  an  isolated  conductor  that  inductance 
is 
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where 


L = 0.2  l 


log t (j)  - 0.75"!  uH/m 


(4.86) 


l = length 

d = diameter 

Equation  4.86  ignores  the  flux  internal  to  the  conductor. 

4. 6. 2. 4 Program  Description  - MAIN.  The  input  data  for  DIFFMAG, 
shown  in  Figure  4.53,  is  controlled  by  the  operation  of  MAIN. 

A program  listing  for  MAIN  is  shown  in  Figure  4.54  and  a flow 
chart  shown  in  Figure  4.55.  These  components  will  be  described 
in  some  detail. 

Starting  at  line  5000,  array  sizes  are  set  and  certain  quan- 
tities designated  as  real  or  integer.  The  program  is  presently 
dimensioned  for  a maximum  of  80  conductors.  If  more  conductors 
are  required  and  can  be  accommodated,  the  dimensions  must  be  in- 
creased accordingly. 

In  line  5120,  the  input  file  is  opened.  This  file  must  be 
stored  separately  under  the  name  INFILE. 

In  line  5260,  the  number  of  conductors  is  read.  This  num- 
ber, referred  to  as  NCOND , is  entered  in  line  10  of  the  input 
data  file.  In  this  and  all  the  other  READ  statements,  the  line 
number  associated  with  that  line  of  data  is  read  as  LINE.  LINE 
is  not  used,  but  is  read  only  to  keep  the  data  in  correct  sequence. 
If  an  input  data  file  were  constructed  without  line  numbers,  all 
of  the  READ  statements  would  have  to  be  changed. 

Using  lines  5320  and  5340,  the  number  of  conductors  is  printed 
on  the  output  data  sheet.  Much  more  of  the  input  data  is  printed 
out.  From  this  point  on  in  this  discussion,  the  printing  of  data 
and  headings  will  be  treated  only  when  it  is  not  immediately  clear 
how  that  printing  is  controlled. 

In  line  5500  a factor  F is  read.  F indicates  the  units  used 
to  describe  the  location  and  size  of  the  conductors.  Those  dimen- 
sions may  be  given  in  either  English  or  metric  units-inches,  cen- 
timeters, or  meter s-but  the  calculations  of  DIFFMAG  are  made  using 
metric  units.  If  the  input  data  is  given  as  meters,  F is  desig- 
nated as  1.0.  If  dimensions  are  given  in  centimeters,  F is  0.01, 
and  if  the  dimensions  are  given  in  inches,  F is  0.0254. 

In  line  5640  a control  character  I0FLAG2  is  read.  I0FLAG2 
controls  whether  or  not  data  describing  the  conductors  is  to  be 
printed.  If  IOFLAG2  = 1,  that  data  is  printed,  and  if  I0FLAG2 
= 0,  it  is  not  printed. 
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10 


(NCOND) 


Number  of  conductors 


A factor  relating  to  the  dimensional  units  used 
to  describe  the  filaments.  If  those  dimensions 
are  given  in  meters  F=l.  If  they  are  given  in 
centimeters  F=.01.  If  they  are  given  in  inches 
F= .0254 

A control  character.  If  I0FLAG2=1  the  data  describing 

the  filaments  is 
printed . 

If  IOFLAG2=0  the  data  is  not 
printed 


30  1 , XS  , YS  , ZS  , XE  , YE  , ZE  , DIAM 

D ( 1 , 1 ) D (1 , 2)  D ( 1 , 3)  D ( 1 , 4 ) D(I,5)  D(I,6)  D(I,7)  D(I,3) 

40  2 i r f t t 1 t 


Starting  ending  conductor 

coordinates  coordinates  diameter 


Use  additional  lines  as  required  to  describe 
all  the  filaments 


1010  Total  conductor  current  in  Amperes 

(TOTALI) 


A control  character.  If  I0FLAG2=1  the  distribution  of 

current  in  the  fil- 
aments is  printed. 
If  IOFLAG2=0  the  distribution  is 
not  printed 

Figure  4.53  Input  Data  for  Program  DIFFMAG 


1020  

(IOFLAG2) 
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1030 


1040 


(NINTER) 


Number  of  intercept  calculations  to  be  made 


XI 


, Y1 


Z1 


X2  . Y2 


, Z2 


X3  , Y3 


Z3 


(PLX1)  (PLY1)  (PLZ1)  (PLX2)  (PLY 2)  (PLZ2)  (PLX3)  (PLY3)  (PLZ3) 


1050 


L 


Point 


1 H*- 


Point  2 


— 


Point  3 


H 


2000 


Use  additional  lines  as  necessary  to  describe  NINTER 
intercepting  planes 


Control  Characters 


( ID3) 


(ID4) 


2010 


(ZPA) 

(ZPB) 

(ZPC) 

2020 

9 

9 

(YPA) 

( YPB) 

( YPC) 

2030 

9 

9 

(XPA) 

(XPB) 

(XPC) 

Figure 

4.53 

Input  Data 

If  ID3=1  there  should  be  made  calculations 
of  the  field  strength  over  a 
volume 

If  ID3=0  there  should  not  be  made  such 
calculations 

If  ID4=1  initial  and  final  field  inten- 
sities will  be  tabulated  in 
rectangular  coordinates 

If  ID4=2  initial  and  final  field  inten- 
sities will  be  tabulated  in 
polar  coordinates 

If  ID4=3  only  the  magnitudes  of  the 

initial  and  final  magnitudes 
will  be  tabulated 


ZPA  is  the  starting  point 
ZPB  is  the  ending  point 
ZPC  is  the  increment  between  the 
starting  and  ending  points 


Ditto  for  X and  Y 


203 


2040 


Control  characters 


3000 

3010 

3020 

3500 

4000 


(D5)  (D6) 


If  D5=l  there  should  be  calculations 
made  of  the  field  strength  at 
specific  points 

If  D5=0  there  should  not  be  made  such 
calculations 

If  D6=l  initial  and  final  field  inten- 
sities will  be  tabulated  in 
rectangular  coordinates 
If  D6=2  initial  and  final  field  inten- 
sities will  be  tabulated  in 
polar  coordinates 
If  D6=3  only  the  magnitudes  of  the 
initial  and  final  field 
intensities  will  be  tabulated 


Number  of  specific  points  at  which  calculations 
(NPOINT)  are  to  be  made 


X , Y , Z 
(XP)  (YP)  (ZP) 


X,Y,  and  Z coordinates  of  point 
at  which  field  intensity  is  to 
be  calculated 


Use  additional  lines  as  necessary  to  describe  NPOINT  points 


(D7) 


A control  character 

If  D7=l  there  will  be  made  calculations 
of  the  flux  through  a loop 
If  D7=0  there  will  not  be  made  such 
calculations 


Number  of  loops  for  which  calculation  is  to  be  made 

(NLOOP) 

Figure  4.53  Input  Data  for  Program  DIFFMAG  Continued 
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4010  XI  , Y1  , Z1  , X2  , Y2  , Z2 

(XP1)  (YP1)  (ZP1)  (XP2)  (YP2)  (ZP2) 


Point  1 


Point  2 


Four  points,  all  in  the  same 
plane,  that  describe  the  loop. 
The  points  should  go  in  sequence 
around  the  loop . 


4020  X3  , Y3  , Z3  , X4  , Y4  , Z4 
(XP3)  (YP3)  ZP3)  (XP4)  (YP4)  (ZP4) 


Point  3 


-Point  4 


Use  additional  lines  as  necessary  to  describe 
NLOOP  loops 


ADDITIONAL  NOTES  ABOUT  INPUT  DATA 

1 If  there  are  no  intercepting  planes  enter  NINTER=0  and  leave 
line  1040  blank.  The  next  line  should  be  line  2000. 

2 If  ID3=0  enter  a dummy  value  (1,2  or  3)  for  ID4  and  leave  lines 
2010, 2020 , and  2030  blank.  The  next  line  should  be  line  2040. 

3 If  D5=0  enter  a dummy  value  (1,2, or  3)  for  D5  and  leave  line  3000 
and  3010  blank.  The  next  line  should  be  3500. 

4 If  D7=0  leave  lines  4000,4010  and  4020  blank. 

5 The  program  will  stop  automatically  when  it  runs  out  of  input 
data . 

6 Error  messages  generated  during  the  running  of  the  program 
generally  indicate  an  incorrect  entry  of  input  data. 

Figure  4.53  Input  Data  for  Program  DIFFMAG  Concluded 
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1000C  DIFFMAG 

1005C  FOR  DETAILED  INFORMATION  ON  THIS  PROGRAM  CONTACT 
1010C 

1020C  F.  A.  FISHER 

1025C  BLDG  9 ROOM  200 

1030C  GENERAL  ELECTRIC  COMPANY 

1040C  100  WOODLAWN  AVE 

1050C  PITTSFIELD » MASS  01201 

1060C 

1070C  PHONE  <413)  494-4380 

1080C 

1100C  IF  A GROUP  OF  CONDUCTORS  ARE  CONNECTED  AT  THElft  ENDS  AND 
1110C  CURRENT  IS  PASSED  THROUGH  THEM,  THAT  CURRENT  WILL  INITIALLY 
1120C  DIVIDE  AMONG  THE  CONDUCTORS  IN  A MANNER  PROPORTIONAL  TO  THE 
1130C  SELF  AND  MUTUAL  INDUCTANCES  OF  THE  CONDUCTORS.  THE  CURRENT 

1140C  WILL  THEN  RED  I STR I BUE  ITSELF  UNTIL  FINALLY  THE  CURRENT  WILL 

1150C  BE  DIVIDED  IN  PROPORTION  TO  THE  RESISTANCE  OF  THE  CONDUCTORS. 
1160C 

1170C  THE  CURRENT  IN  THE  CONDUCTORS  WILL  PRODUCE  MAGNETIC  FIELDS. 

1180C  THE  FIELD  AT  ANY  POINT  WILL  BE  THE  SUM  OF  THE  PARTIAL  FIELDS 
1190C  PRODUCED  BY  THE  INDIVIDUAL  CURRENTS  IN  THE  INDIVIDUAL 
1200C  CONDUCTORS. 

1210  C 

1220C  THIS  PROGRAM  , ’’DIFFMAG’'.  CALCULATES  HOW  THE  CURRENT  DIVIDES 
1230C  AND  CALCULATES  THE  MAGNETIC  FIELDS  PRODUCED  BY  THE  CURRENTS. 

1240C 

1250C  THE  USER  MUST  SUPPLY  INFORMATION  ON  WHERE  THE  CONDUCTORS  ARE  LOC- 

12&0C  ATED.  WHERE  HE  WISHES  THE  FIELDS  TO  BE  CALCULATED  AND  THE  TYPE  OF 

1270C  CALCULATIONS  THAT  HE  WISHES  TO  HAVE  MADE.  THE  NECESSARY  INFOR- 

1280C  MAT  I ON  MUST  BE  LOCATED  IN  A FILE  NAMED  "INFILE".  THE  CHARAC- 
1290C  TER  I ST  I CS  OF  WHICH  ARE  AS  FOLLOWS.  EACH  LINE  OF  DATA  MUST 

1300C  HAVE  A LINE  NUMBER.  THOUGH  THE  LINE  NUMBERS  NEED  NOT  BE  IDENTICAL 

1310C  TO  THOSE  GIVEN  BELOW. 

1320C 

1330C  •ft******#************..*********#******#**#* 


1340C 
1345C 
1350C 
1360C 
1370C 
1380C 
1390C 
1395C 
1400C 
1410C 
1420C 
1425C 
14  30C 
1440C 
1445C 
1 4 50C 
1455C 
1457C 
1 4&0C 


NATURE  OF  INFILE 


LINE  0 DATA 

10  NUMBER  OF  CONDUCTORS  (80  OR  LESS.  UNLESS  PROGRAM 

DIMENSIONS  ARE  INCREASED) 

20  A FACTOR  F.  F=1.0  IF  DIMENSIONS  ARE  GIVEN  IN  METERS 

F = . 0 1 IF  DIMENSIONS  IN  CENTIMETERS 
F = . 0254  IF  DIMENSIONS  IN  INCHES 

25  A CONTROL  CHARACTER » 1 IF  CONDUCTOR  DESCRIPTIONS  ARE 

TO  BE  PRINTED  AND  0 (ZERO)  IF  NOT  PRINTED. 

30  COND  #.  XS  . YS  . ZS  . XF  . YF  . ZF  , DIAM 

COND  0 = SEQUENTIAL  NUMBER  OF  CONDUCTOR. 

XS  = X COORDINATE  OF  STARTING  POINT 
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1470C 
1480C 
1490C 
1495C 
1500C 
1510C 
1520C 
1 525C 
1527C 
1530C 
1540C 
1545C 
1550C 
1560C 
1565C 
1570C 
1575C 
1580C 
1585C 
1590C 
U00C 
1605C 
1610C 
1&20C 
1630C 
1640C 
1650C 
1655C 


1740C 

1750C 

1760C 

17&5C 

1770C 

1775C 

1780C 

1790C 

1795C 

1800C 

1805C 

1810C 

1820C 

1825C 

1830C 

1835C 

1840C 


YS  = Y COORDINATE  OF  STARTING  POINT 

ZS  = Z COORDINATE  OF  STARTING  POINT 

XF  . YF  . ZF  DITTO  FOR  ENDING  POINT 

DIAM  = DIAMETER  OF  CONDUCTOR 

USE  ADDITIONAL  LINES  AS  NECESSARY  TO  DESCRIBE  ALL 
CONDUCTORS. 


1010  TOTAL  CURRENT  IN  AMPERES 

1020  A CONTROL  CHARACTER;  1 IF  THE  DISTRIBUTION  OF  CURRENT 
IN  THE  FILAMENTS  IS  TO  BE  PRINTED  AND  0 (ZERO)  IF  NOT. 

1030  NUMBER  OF  INTERCEPT  CALCULATIONS  TO  BE  MADE. 

1040  XI  . Y 1 »Z1  rX2rY2.Z2.X3.Y3.Z3 

THESE  ARE  X . Y , AND  Z COORDINATES  THAT  DEFINE  PLANES. 
USE  ADDITIONAL  LINES  FOR  ADDITIONAL  PLANES. 

20(30  ID3.  ID4  ID3  = 1 IF  FIELD  STRENGTH  IS  TO  BE  CALCULATED 
OVER  AN  VOLUME  AND  0 (ZERO)  IF  NOT. 

ID4  = 1 IF  RECTANGULAR  COORDINATES  ARE  TO  BE  USED  AND  2 
IF  POLAR  COORDINATES  ARE  TO  BE  USED.  IF  ONLY  MAGNITUDES 
OF  FIELD  STRENGTH  ARE  NEEDED  LET  ID4  = 3. 


1660C 

1670C 

1680C 

169(3C 

2010 

ZF'A  . 

ZPB 

. ZPC 

ZPA  = STARTING  POINT  FOR  CALCS 

ZPB  = ENDING  POINT 

ZPC  = INCREMENT 

1700C 

2020 

YPA  . 

YPB 

. YPC 

DITTO  FOR  Y 

1710C 

1715C 

2030 

XPA  . 

XPB 

. XPC 

DITTO  FOR  X 

1720C 

2040 

D5.D6 

CONTROL  CHARACTERS.  D5=l  IF  THERE  ARE  TO  BE 

1730C 

CALCULATIONS 

OF  FIELD  STRENGTH  AT  SPECIFIC 

3000 

3010 

35(30 

40(30 

4010 

Figure 


POINTS  AND  D5=0  (ZERO)  IF  NOT.  D6=l  IF  RECTAN- 
GULAR COORDINATES.  D6=2  IF  POLAR  COORDINATES  AND 
B6=3  IF  ONLY  MAGNITUDES  ARE  NEEDED. 

NUMBER  OF  SPECIFIC  POINTS  AT  WHICH  CALCS  ARE  TO  BE  MADE. 

XP  . YP  . ZP  THESE  ARE  THE  X.  Y.  AND  Z COORDINATES  OF 
THE  POINT  AT  WHICH  THE  CALCULATION  IS  TO 
BE  MADE.  USE  ADDITIONAL  LINES  AS  NECESS- 
ARY TO  DESCRIBE  ALL  POINTS. 

D7  A CONTROL  CHARACTER.  D7=l  IF  CALCULATIONS  ARE  TO 
BE  MADE  OF  FLUX  THROUGH  A LOOP  AND  D7=0  IF  NOT. 

NUMBER  OF  LOOPS  FOR  WHICH  CALCULATIONS  ARE  TO  BE  MADE. 

XI  . Y1  . Z1  . X2  , Y2  . Z2  FOUR  POINTS.  ALL  IN  THE 

4.54  Listing  of  Program  DIFFMAG  Continued 


207 


1850C  4020  X3  , Y3  , Z3  , X4  , Y4  , Z4  SAME  PLANE , THAT  DESCRIBE 

1855C 

1860C  THE  LOOP.  THE  POINTS 

1870C  SHOULD  CO  IN  SEQUENCE  AROUND  THE  LOOP.  USE  ADDITIONAL 

1880C  PAIRS  OF  LINES  TO  DESCRIBE  ALL  LOOPS. 

1 885C 

1890C  END  OF  INFILE 

1900C 

1910C  NOTES  ABOUT  INFILE 

1920C 


1930C  IF  THERE  ARE  NO  INTERCEPTING  PLANES  ENTER  0 ON  LINE  1030  AND  LEAVE 
1940C  LINE  1040  BLANK.  THE  NEXT  LINE  SHOULD  BE  2000. 

1945C 


1950C  IF  I D3=0  ENTER  A DUMMY  'VALUE  <1,2,  OR  3)  FOR  ID4  AND  LEAVE  LINES 

1960C  2010,2020*  AND  2030  BLANK.  THE  NEXT  LINE  SHOULD  BE  2040. 

1965C 

1970C  IF  D5=0  ENTER  A DUMMY  VALUE  (1*2  OR  3)  FOR  D6  AND  LEAVE  LINES 

1975C  3000  AND  3010  BLANK.  THE  NEXT  LINE  SHOULD  BE  3500. 

1977C 

1980C  IF  B7=0  LEAVE  LINES  4000,4010.  AND  4020  BLANK. 

1990C 

2000C  THE  PROGRAM  WILL  STOP  AUTOMATICALLY  WHEN  IT  RUNS  OUT  OF  DATA. 
2010C 

2020C  ERROR  MESSAGES  GENERATED  DURING  THE  RUNNING  OF  THE  PROGRAM  GEN- 
2030C  ERALLY  INDICATE  AN  INCORRECT  ENTRY  OF  INPUT  DATA. 

2035C 

2040C  -END  OF  NOTES 

2050C  #*■**■»#■***#•**•»*#•**##**#■»***#■***■»**•*•»*#*###♦**#**#•*# 

2060C 


5000  DIMENSION  XM ( 80 , 80 ) , V ( 80  * 1 ) * CUR <80  * 1) , D ( 80 , 9 ) 

5020  DIMENSION  CURDIS(80) .RCURDIS (80) *XNUMER(80) ,DENOM (80) 

5040  DIMENSION  THETA (80) ,DIST (80) ,HFLDT (80) ,HFLDR<80> 

5060  INTEGER  OUTFIL *CGNNO 
5080  INTEGER  D5,D6*D7 

5100  COMMON  PX1 ,PY1*PZ1 , PX2 * P Y2 , PZ2 * PX3 ,P Y3 * PZ3 , PX4 , P Y4 , PZ4 , N 1 
5120  CALL  OPENF ( 09 , " I NF I LE  * " * ISTAT , 1 * 0 * 1 ) 

5140  WRITE  (06*2431) ISTAT 
5160  WRITE (06,5860) 

5180  WRITE  (06, 1236) 

5200C  DATA  IN  INFILE  IS  SPECIFICALLY  FOR  THIS  PROGRAM 
5220  PI=3. 1415926536 

5240C  NCOND  IS  THE  NUMBER  OF  CONDUCTORS  TO  BE  CONSIDERED 
5260  READ (09,2431) LINE, NCOND 
5280  N*NCOND 
5300C 

5320  WRITE (06, 1233) NCOND 

5340  1233  FORMAT ( " THIS  ANALYSIS  DEALS  WITH", 15, " CONDUCTORS") 

5360C 

5380  WRITE (06, 1236) 

5400  1236  FORMAT <"  "> 

5420  2431  FORMAT (V) 

5440C  F RELATES  TO  THE  DIMENSIONS  OF  INPUT  COORDINATES  AND  IS 
5460C  1 IF  DIMENSIONS  ARE  IN  METERS,  .01  IF  IN  CENTIMETERS  AND 
5480C  IS  .0254  IF  IN  INCHES 
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5500  READ (09  * 2432) L INE  * F 
5520C 

5540  WRITE (06* 1333) F 

5560  1333  FORMAT ( " THE  FACTOR  F RELATING  TO  DIMENSIONS  IS".1E10.3) 
5580C  

5600C  IF  IGFLAG2= 1 WE  PRINT  THE  DATA  DESCRIBING  THE  CONDUCTORS 
5620C  IF  IOFLAG2=0  WE  DO  NOT  PRINT  THAT  DATA 
5640  READ (09*2432) LINE* I0FLAG2 
5660  IF  ( 1 OFLAG2<0 . 5)  GOTO  1334  - 
5680  WRITE (06* 1236) 

5700C:  

5720  WRI TE ( 06  * 5860 ) 

5740  WRITE  (06*  1236) 

5760  WRITE (06* 1335) 

5780  WRITEI06. 1336) 

5800  1334  CONTINUE  

5320  1335  FORMAT <"  THE  FOLLOWING  DATA  GIVES  THE  COORDINATES  THAT") 
5840  1336  FORMAT <"  DEFINE  THE  START  AND  END  POINTS") 

5860  WRITE <06* 1236) 

5880  WRITE<06» 1236) 

5900  2432  FORMAT (V) 

5920C  WE  WILL  NOW  READ  THE  COORDINATES  THAT  DEFINE  THE  START  AND 
5940C  END  POINTS  OF  THE  CONDUCTORS 
5960  IF  ( IOFLAG2<0.5)GOTO  2334-> 

5980  2333  WRITE (06*3900) 

6000  WRITE106* 1236) 

6020  2334  CONTINUE  -< 

6040  DO  2445  I=l.NCOND.l  


6060  READ (09 *2432) LINE* D< I *1)*D(I*2)*D(I*3)*D(I*4),D(I*5)* 
60806  D< I ,6)  ,D  ( I *7) *D(I *8) 

6100  IF (IOFLAG2<0.5)GOTO  4300  — >■ 

6110C  Wg  WILL  NOW  START  PRINTING  THE  START  AND  END  POINTS 
6120  WRITE (06*4100) I,D< 1.2) *D (1*3) ,D( I *4) 

6140  WRITE (06 *4200) I.D(I,5).D(I.6),D(I*7) 

6160  WRITE (06. 1236) 

6180  4300  CONTINUE  —5 


6200C  THIS  ENDS  THE  READING  OF  COORDINATES  THAT  DEFINE  CONDUCTORS 
6220  2388  FORMAT (A7) 

6240  DO  2444  J = 2.8  *<" 

6260  D < I » J) =D  ( I * J ) *F 
6280  2444  CONTINUE 

6300  2445  CONTINUE  > 

6320  N1 =NCONB 
6340  I = N 1 

6360L  1DUM.JDUM  AND  KDUM  ARE  USED  IN  A MATRIX  INVERSION  CALL 
6380  1DUM=N1 
6400  JDUM=N1 
6420  KDUM=N 1 
6440  DO  3500  1=1. N1 
6460  V(I*1)=1. 

6480  3500  CONTINUE 

6520  3900  FORMAT ( " CONDUCTOR" *7X ."X". 1 IX , "Y"  . 1 IX.  "Z") 

6540  DO  4400  I = 1 . N1 
6560  IND  X = I 
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6580  4100  FORMATdX,  1 2 , 3X , "START" , 3E 12 . 3) 

6600  4200  FORMAT ( 1 X , 12 , 3X , "END" , 2X , 3E 12 . 3) 

6620  4400  CONTINUE 
6640  4500  CONTINUE 

6660  IF  (IOFLAG2<0.5)GOTO  5910  — >- — 

6680  5850  URI TE ( 06 i 5360 ) 

6700  UR  I TE ( 06  r 1236 ) 

6720  5860  FORMAT ( "#*#***#**#**********»***#***«##»#**»*4»#**" ) 

6740  UR  I TE  (06 , 5870) 

6760  WRITE (06.5871 ) 

6780  URITE(06. 1236) 

6800  WRITE (06. 1236) 

6820  WRITE  (06.5860) 

6840  WRITE (06. 1236) 

6860  25100  FORMAT (V) 

6880  WRI TE ( 06 . 5900) 

6900  5870  FORMAT <"  THE  FOLLOWING  DATA  DESCRIBES  THE  LENGTH  AND") 

6920  5871  FORMAT  ("  DIAMETER  OF  THE  CONDUCTORS") 

6940  WRITE (06. 1236) 

6960  5900  FORMAT (IX . "CONDUCTOR" . 4X .“LENGTH", 7X ."DIAMETER") 

6980C  THIS  ENDS  PRINTING  OF  CONDUCTOR  COORDINATES 

7000  5910  CONTINUE  -< 

7020  DO  6700  1=1 , N1  

7040  I SAVE3 I F I X ( D ( I , 1 ) ) 

7060  X=D( 1,2) -D ( I .5) 

7080  Y =D ( 1 ,3) -D ( 1 , 6) 

7100  Z=D(I ,4) -D ( I ,7) 

7120  D < I ,'9)  =SQRT  (X*X+Y*Y+Z*Z) 

7140  D(I»9)=D(I,9)/F 
7160  D ( I ,8)  =D(I»8)/F 

7180  IF  < IOFLAG2<0 . 5)  GOTO  5990  

7200  WRITE (06,6600)  I SAVE , D ( 1 , 9 ) , D ( I , 8) 

7220  5990  CONTlSlE  -4 

7240  6600  FORMt-W3X.13.7X, 1E12. 5, IX, 1E12. 5) 

7260  D ( 1 , 9) =D ( I » 9 ) *F 
7280  D(I,8)=D(I,8)*F 

7300  6700  CONTINUE 

7320  IF ( IOFLAG2<0.5)GOTO  6703  — >■ 

7340  WRITE<06, 1236) 

7360  WRITE  (06,6720) 

7380  WRITE (06, 1236) 

7400  6720  FORMAT  ("»#»****#■*#*#•»*#**#*#•***##**#####■**#*###■»#*") 

7420  6721  FORMAT < " THE  FOLLOWING  DATA  GIVES  THE  DISTANCES  BETWEEN") 
7440  6722  FORMAT  ("  THE  ENDS  OF  THE  FILAMENTS") 

7460  WRITE(06, 1236) 

7480  WRITE (06,6721 ) 

7500  WRITE  (06,6722) 

7520  WRITE<06, 1236) 

7540  WRITE (06,6720) 

7560  WR ITE (06 , 1 236) 

7580  WRI TE ( 06 , 6702) 

7600  6702  FORMAT ("  I TO  J START  END") 

7620  WRITE(06, 1236) 

7640  6703  CONTINUE  -< 
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7650  IF (IOFLAG2<0.5)GOTO  6710  — >■ 

7660  DO  6706  I=2rNCONDfl  - 

7680  J= I - 1 

7700  Xl=D(Ir2)-D(Jr2) 

7720  Y 1 =D ( I i 3) -D(J»3) 

7740  Z1=D(I»4>-D(J»4) 

7760  DELS=SQRT(X1*X1+Y1*Y1+Z1*Z1) 

7780  X2  = D ( I f 5) -D  < Jf  5) 

7800  Y2=D< I r6> -D (Jr6) 

7820  Z2  = D ( I » 7 ) -D ( J » 7 ) 

7840  DELE=3QRT (X2*X2+Y2*Y2+Z2*Z2) 

7860  1 1 = IF  I X ( D ( I . 1) ) 

7880  I J=IFIX <D (Jr  1 ) ) 

7920  WRITE  < 06 r 6704) II , I Jr  DELS » DELE 
7940  6704  FORMAT ( 1 4 » I4r2E12.5) 

7960  6706  CONTINUE  1- 

7980  WRITE(06r 1236) 

8000  WRITE <06r5860> 

8020  WRITE  (06r 1236) 

8040  6710  CONTINUE  — t 

8060  READ (09 r 25100) LINEr TOTAL  I 
8080  WRlTE(06r4753)TOTALI 
8100  WRITE  <06r 1236) 

8120  WRITE  (06r5860) 

8140  WRITE (06r 1236) 

8160  4753  FORMAT <"  lOE  TOTAL  CURRENT  IS"rlE12.3r"  AMPERES" 
8180C  HERE  WE  START  CALCULATION  OF  L AND  M 
8200  6800  E4=2. 71828182845 

8220  DO  18700  1 = 1 r N 1 -< From  Line  10500 

8240  DO  18600  J = 1 r N 1 From  Line  10480 

8260  I F ( I .EQ.  J)  GO  TO  13600  To  Line  9580 

8280  X=D( I .5) -D ( Jr5) 

8300  Y=D(I f 6) -D ( Jr  6) 

8320  Z = D ( I r7) -D ( Jf7) 

8340  Gll=X»X  + Y*Y  + Z*Z 
8360  R1 =SQRT (Q1 ) 

8380  X=D(I.5)-D(J»2) 

8400  Y = D ( I » 6 ) - D < J » 3 ) 

8420  Z=D ( I r 7) -D ( J » 4) 

8440  Q2=X»X+Y*Y+Z*Z 
8460  R2=SQRT (Q2) 

8480  X = D < I r2) -D( Jr2) 

8500  Y = D ( I » 3 ) - D ( J r 3 ) 

8520  Z=D(I r4) -D(Jr4> 

8540  Q3=X*X+Y*Y+Z*Z 
8560  R3=SQRT(Q3) 

8580  X=D(Ir2)-D(Jr5) 

8600  Y=D(Ir3)-D(Jr6) 

8620  Z=D(I»4) -D(Jf7) 

8640  Q4=X»X+Y*Y+Z*Z 
8660  R4=SQRT(Q4) 

8680  Al=Q4-03+Q2-Ql 

8700  A2=SQRT ( ABS ( A 1 ) ) 

8720  El=Al/(2*D(I.9)*D(Jt9>) 
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I 


8740 

8760 

8780C 

8800 

8820 

8840 

3860 

8880 

3900 

8920 

8940 

8960 

8980 

9000C 

9020 

9040C 

9060C 

9080 

9100 

9120 

9140 

9160 

9180 

9200 

9220 

9240 

9260 

9280 

9300 

9320 

9340 

9360 

9380 

9400 

9420 

9440 

9460 

94S0C 

9500C 

9520 

9540C 

9560C 

9580 

9600C 

9620C 

9640 

9660C 

9680C 

9700 

9720 

9740 

9760 

9780 

9800 


E2=1-E1*E1 

E3=SGRT(E2) 

IF  < ABS (E 1 ) .CT.0.9999)GOTO  14400  ->■ 

XKl=2*D(J»9)#D(Jf9)#<Q2-Q3-D(If9)#D(I»9) ) 

XK2=A1* (Q4-Q3-D(J»9)*D(Jr9) ) 

XK3= (2»D( I .9) *D( Jf 9) ) **2-Al*Al 
U 1 =D  ( I » 9 ) * (XK1+XK2) /XK3 

XK1 = 2*D ( I . 9) *D ( I » 9) * (Q4-Q3-D (J r 9) *D ( J i 9) ) 
XK2=A1*(Q2-Q3-D(I , 9 ) *D  < I .9) ) 

V 1 = D ( J » 9 ) # (XK1-+XK2)  / XK3 
B1=Q:3-U1*U1-V1*V1+2*U1*V1*E1 
D2=SQRT ( ABS (D1 ) ) 

IF ( AB3 (D2/SGRT (D ( I > 9) *D ( J » 9) ) > . GT . 0 . 002 ) GOTO  11200 


THIS  FORCES  W=0  WHEN  THE  FILAMENTS  LIE  IN  THE  SAME  PLANE 
W = 0 

GOTO  12300  > 

11200  XK1= (D1*E1+(U1+D(I *9) ) * (V 1 +D ( J»  9) > *E2) / <D2*R1*E3) 
XK1 =AT  AN ( XK1 ) 

XK2=(D1*E1+(U1+-D(li9)  >*V1*E2)  / (D2*R2*E3> 

XK2=ATAN (XK2) 

XK3=  (D1*E1+U1*V1*E2) / <D2*R3*E3) 

XK3=ATAN ( XK3) 

XK4= (D1*E1+U1* (Vl+D (Jr  9) ) *E2) / <D2*R4*E3) 

XK4=ATAN ( XK4  > 

W=XK1-XK2+XK3-XK4 

12300  XKl=D(Jr9)/(Rl +R2 ) 

XK1 = (ALOG ( 1 + XK1 ) -ALOG ( 1-XK1 ) ) * (Ul+D(  I f 9 ) ) 

XK2  = D ( I f 9)  / (R1-+R4) 

XK2=  (ALOG  ( 1+XK2)  -AL0GU-XK2)  ) * ( V 1+D  < J » 9)  ) 

XK3=D ( J r 9 ) / (R3+R4) 

XK3=(AL0G(1+XK3)-AL0G(1-XK3))*U1  From  1 

XK4=D ( I r9) / (R24R3) 

XK4= (ALOG ( 1+XK4) -AL0G(1-XK4> )*V1 
XM ( I *J) =0. 1 * E 1 * (XK1  + XK2-XK3-XK4-W*D2/E3) 

THIS  ENDS  THE  GENERAL  CASE  FOR  CALCULATION  OF  M 

GOTO  18600  

THIS  STARTS  CALCULATIONS  FOR  SELF  INDUCTANCE 

13600  XM ( I . J) =0.2*D< I r9)*(AL0G(4*D< I »9) /D ( I »8) ) -.75) 

THIS  ENDS  CALCULATIONS  FOR  SELF  INDUCTANCE 


From  line  8260 


GOTO  18600  

THIS  STARTS  ROUTINE  FOR  CALCULATION  OF 

14400  CONTINUE-* 

ALPHA=D(J»9)*D(J»9)+Q3-Q2 
ALPHA- ALPHA / ( 2*D ( J r 9 ) *R3 ) 

ALPHA-ARCOS (ALPHA) 

BETA=D(Jr9)»D(Jr9) +Q2-Q3 
BETA=BETA/ ( 2*D ( J r 9) *R2) 


M FOR  PARALLEL  FILAMENTS 


To  line  10480 
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9820  BETA=ARCOS(BETA) 

9840  P I =3 . 1 4159285 
9860  BETA1-PI-BETA 

9880  D2  = D(I»9)#SIN(ALF'HA)*3IN(BETA1) 

9900  D2  = D2/SIN  (E'ETAl  ALPHA) 

9910  B1 =D2*D2 

9920  D4=-SQRT <Q2-D2*D2) 

9940  XK1=B<1»9)+D(J»9)+D4 

9960  XK2=D<  1 .9) +D4 

9980  XK3=D<J»9)+D4 

10000  XK4-XK1/B2 

10020  XK4=XK4+SGRT (XK4*XK4+1 ) 

10040  XK4=XK1*AL0G(XK4) 

10060  XK5=XK2/D2 

100.90  XK5-XK5+SGRT  (XK5*XK5+1> 

10100  XK5=XK2*ALuG (XK5) 

10120  XK6-XK3/D2 

10140  XK6  = XK6  + SGlRT  ( XK6» XK6+ 1 ) 

10160  XK6=XK3#AL0C (XK6) 

10180  XK7-B4/B2 

10200  XK7=XK7+SGlRT(XK7*XK7  + l) 

10220  XK7=D4*AL0G(XK7) 

10260  XL9=XK1*XK1+D1 
10280  XL  1 =SQRT  ( ABS  ( XI..9)  ) 

10300  XL8=XK2#XK2+D1 
10320  XL2=3QRT (ABS(XL8) ) 

10340  XL7  = XK3*XK3+D1 
10360  XL3=SGRT  ( ABS  ( XI.7  ) ) 

10380  X L6  = D4*D4  + D 1 
10400  XL4=SGRT (ABS(XL6) ) 

10420  11413  CONTINUE 

10440  XM ( I » J) =0.  HMXK4-XK5-XK6+XK7-XL1  + XL2+XL3-XL4) 

10460C  THIS  ENDS  ROUTINE  FOR  CALCULATION  OF  M FOR  PARALLEL  FILAMENTS 

104S0  18600  CONTINUE  To  line  8240 

10500  1870(3  CONTINUE  ► To  line  8220 

10520C  - 

10540  WRITE  (06. 1236) 

10546  WRITE (06.5860) 

10560C 

105S0C  BEGIN  CALCULATIONS  OF  CURRENT  DISTRIBUTION  IN  FILAMENTS 
10600  CALL  MATR I X ( XM . I DUM . JDUM . KDUM) 

10620  DO  19760  1 = 1. N1  -< 

10640  IROW=I 
10660  I CL= I 
10680  TEMP=0 . 

10700  DO  19759  J = 1 > N 1 
10720  I COL  - J 
10740  IRO=.J 

10760  TEMP=TEMP+(XM(IROW.ICOL)*V(IR0.1> ) 

10780  19759  CONTINUE  -»■ — 

10800  CUR ( I ROW . 1 ) =TEMP 

10820  1976(3  CONTINUE  — 

10840  CUR1 =0 

10860  DO  2(3100  1 = 1. N1  

10880  CUR1 =CUR ( I . 1 ) +CUR1 

10900  2010(3  CONTINUE  
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10920  DO  2(3400  1 = 1, N1  

10940  CURDIS ( I)=CUR(I,1)*T0TALI/CUR1 

10960  2040(3  CONTINUE  

10980  RCUR1 =0 

11000  DO  2(3502  1 = 1 , N1  

11020  RCURDIS(I) =V<IRO, 1)*D(I ,8)/D(I,9) 

11040  RCUR1=RCUR1 +RCURD IS  ( I ) 

11060  20502  CONTINUE  

11080  DO  2(3850  1 = 1 , N1  — 

11100  RCURDIS ( I ) =RCURD I S ( I ) *TOTALI /RCUR1 

1 1120  2085(3  CONTINUE 

11140  5339  FORMAT  <"  LINE", 110) 

11160  READ(09,2431)LINE,IOFLAG2 
11180C  -- 
11200C  -- 

11220  IF (I0FLAG2) 20950,20950, 20800 t 

11240  2080(3  WRITE  (06,20810)  -<  1 

11260  WRITE(06, 1236) 

11280  WRITE(06, 20802) 

11300  20802  FORMAT (IX, "CONDUCTOR", 5X, "MAG  I",7X,"RES  I") 

11320  WRITE (06, 1236) 

11340  DO  2(3900  1 = 1 , N 1 -<= 

11360  WR ITE  <06 , 20804) I , CURDIS ( I ) , RCURDIS ( I ) 

1 1380  20804  FORMAT ( 2 X , I3»5X»2E12.3) 

11400  2081(3  FORMAT ( " THE  FOLLOWING  DATA  TELLS  HOW  THE  CURRENT  DIVIDES") 

1 1420  2090(3  CONTINUE  — 1 

1 1440  2095(3  CONTINUE  1 

11460  URITEC06, 1236) 

11480  WRITE (06, 5860) 

11500  WRITE (06, 1236) 

11520  READ (09,2431 (LINE ,NINTER 
11540C  -- 

11560  WRITE (06, 5513MMINTER 

11580  5513  FORMAT ( " THERE  ARE", 14,"  INTERCEPTING  PLANES") 

11600  WRITE (06, 1236) 

11620  WRITE (06,5860) 

11640  WR I TE (06 , 1 236 ) 

11660C  THIS  BEGINS  THE  CALCULATION  OF  INTERCEPT  POINTS 

11680  DO  32810  19=1 , WINTER,  1 -< From  Line  1 3060 

11700C  -- 

11720  2100  CONTINUE 

1 1740  READ (09,21 002 ) LINE , PLX 1 , PLY  1 , P L 2 1 ,PLX2,PLY2,PLZ2, 

11760s;  PLX3»PLY3,F'LZ3 
11780C-- 

11800  WRITE(06, 21001) 

11820  21001  FORMAT  ("  THE  POINTS  DEFINING  A PLANE  ARE") 

1 1840  WRITE (06, 1236) 

11860  21002  FORMAT (V) 

11830  WRITE<06, 21004) 

11900  WRITE  (06,1236) 

11920  21004  FORMAT  ( " PLANE  NUMBER  POINT  NUMBER"  , 1(3X  , "X  ",  1 1 X , "Y"  , 1 1 X , "Z" ) 
11940  18=1 

11960  WRITE (06,21006) 19 , 18 , PLX 1 , PLY  1 , PLZ1 
11980  13=2 
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12000  NR  I TE (06  f 21006 ) 19 f 18 r PLX2 f PLY2 f PLZ2 
12020  18=3 

12040  MR  I TE (06 r 21 006) 19 , 18 » PLX3 r PLY3 f PLZ3 
12060  21006  FORMAT ( 5X  * 1 3 » 1 1 X > 13 , 8X  » 3E 12 . 3 ) 

12080  MRITE(06f 1236) 

12100  WRITE (06  f 2 1 007 ) 

12120  21007  FORMAT ( " THAT  PLANE  INTERCEPTS  THE  FILAMENTS  AS  FOLLOWS") 
12140  A1 1 = 1 5 A 1 2= 1 !A1 3=1 
12160C  -- 

12180  CALL  PLAN  I (PLX1 fPLYI f PLZ 1 f PLX2  fPLYZ  f PLZ2  f PLX3  f PLY3  f PLZ3f 
122006:  All  f A 1 2 f A 1 3 ) 

12220  MRITE (06f 1236) 

12240  WRITE ( 06 f 1236) 

12260  WRITE  ( 06 f 30 100) 

12280  WRITE ( 06 f 1236) 

12300  30100  FORMAT(1Xf"CONDUCTOR"f4Xf"X  I NTER" f 5X f "Y  INTER"f 
123206  5Xf"Z  INTER'V5X f "DELTA  S"  f 5X  f "DELTA  H") 

12340  STOT=0 
12360C  -- 
12380  1=1 

12400  CALL  INCEF'T(A11fA12fA13fIfDfXI,YI,ZI) 

12420  X 1 = X I f Y 1 = Y I J Z 1 =Z I 

12440  DO31600  I =2  f NCOND  f 1 -< 

12460C  -- 

12430  CALL  INCEPT(A11fA12fA13f1fDfXI,YIfZI) 

12500  DELX  = XI-X1 !DELY=YI-Y1 !DELZ=ZI-Z1 
12520  DELS=SGRT(DELX*DELX+DELY*DELY+DELZ*DELZ) 

125401 AVE=  (CURD IS ( I ) +CURDIS  ( I - 1 ) ) /2 
12560  DELH=I AVE/DELS 

12580  WR I TE (06  f 3 1 300 ) I - 1 f X 1 f Y 1 f Z 1 f DELS  f DELH 
12600  31300  FORMAT ( 3 X f 1 3 f 5X  f 5E 1 2 . 3 ) 

12620  S TOT -=STOT  + DELS 
12640  X1=XIfY1=YIfZ1=ZI 

12660  31600  CONTINUE  >- 

12680  1=1 
12700C  -- 

12720  CALL  INCEPT(A11fA12fA13fI fDfXIfYIfZI) 

12740  DELX=X1-XI!DELY=Y1-YI fDELZ=Z1-ZI 
12760  DELD=SQRT ( DELX»DELX+DEL Y*D£LY  +DELZ  *DELZ> 

12780  DELH= I AVE/DELS 

12800  WR ITE (06 f 3 1300 ) NCOND f X 1 f Y 1 f Z 1 fDELSfDELH 
12820  ST GT  = ST OT+DELS 
12840  WRITE (06 f 1236) 

12860  WRITE (06 f 32500) STOT 

12880  32500  FORMAT ("  PERIPHERAL  DISTANCE1  "f1E10.3f"  METERS") 
12900  HAVE=TOTALI /STOT 
12920  WRITE (06  f 1 236 ) 

12940  WRITE (06f32800)  HAVE 
12960  WRITE  <06f  1236) 

12980  32800  FORMAT ( 1 X f "AVERAGE  FIELD  I NTENS I TY  = "f1E10.3f 
130006:  " AMPERES  PER  METER") 

13020  WRITE (06 f 5860) 

13040  WRITE(06f 1236) 

13060  32810  CONTINUE 
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130S0C  THIS  ENDS  THE  CALCULATION  OF  INTERCEPT  POINTS 
13100  32910  FORMAT ( V ) 

13120C  -- 

13140  32915  CONTINUE 

13160  READ (09 ,32910) LINE, IDS. ID4 

13180  WRITE(06» 6323) IDS. ID4 

13200  6323  FORMAT  ("  ID3="»I3*"  AND  104=", 13) 

13220  WRITE <06, 1236) 

13240  WRITE ( 06 , 5860) 

13260  WRITE <06, 1236) 

13270  IF ( IDS ,LT . 0 . 5) GOTO  33410 
13280  READ <09, 32910) LINE »ZPA, ZPB > ZPC 
13300  READ  ( 09 » 329 1 0)  L INE  ? YF'A » YPB , YPC 
13320  READ ( 09 , 329 1 0 ) L I NE , XPA , XPB , XPC 
13340  WRITE (06»6404)ZPA»ZPE,ZPC 
13360  WRITE  (06f6406)  YF'A , YPB , YPC 
13380  WRITE (06, 6408) XPA,  XPB, XPC 
13400  WRITE (06. 1236) 

13420  WRITE (06, 5860) 

13440C  -- 


13460 

13480 

13500 

13520 

13540 

13560 

13580 

13600 

13640 

13660 

13680 

13700& 

13720 

13740 

13760 

13780 

13800 

13820 

13840 

13860 

13880 

13900 

13920 

13940 

13960 

13980 

14000 

14020 

14040 

14060 

14080 

14100 

14120 

14140 


'.  11X  ,,'Z",9X,"H-MACNETIC  H-RESISTIVE") 


6404  FORMAT  < " ZF'A.ZPB  AND  ZPC  ARE",3E12.3) 

6406  FORMAT ( " YPA,YPB  AND  YPC  ARE" » 3E 1 2 . 3) 

6408  FORMAT ("XPA. XPE  AND  XPC  ARE" , 3E 1 2 . 3 > 

WRITE (06, 1236) 

32920  CONTINUE 
J 1 = I F I X ( (ZFB-ZPA) /ZPC)  + 1 
J2= IF  I X ( (YF'B-YPA)  /YPC)  + 1 
J3= IF  I X ( (XPB-XPA) /XPC)  + 1 
COTO(33100, 33120, 33125) ,ID4 

33070  FORMAT <5X,"X", 1 1 X , " Y" , 1 IX , "Z" »9X » "H-X" ,9X , "H- Y" ,9X » "H-Z" ) 
33080  F0RMAT(5X,"X"»11X,"Y"*11X,"Z"»9X,"H-T0T,‘,7X»"LAT-ANG"* 

6X , "LONG  ANG") 

33035  FORMAT (5X , "X" * 1 1 X , " Y 
33180  FORMAT (6E12.3) 

33185  FORMAT (5E12 . 3) 

33100  WRITE<06, 33070) 

WRITE (06, 1236) 

GOTO  33130  

33120  WRITE(06, 33080) 

WRITE (06, 1236) 

GOTO  33130  * 

33125  WRITE(06, 33085) 

WRITE<06, 1236) 

33130  CONTINUE  -< 

DO  33400  I3=l,.J3,l-< 

WRITE (06, 1236) 

DO  33400  12=1  ».J2, 1 -< 

WRITE(06, 1236) 

DO  33400  1 1 = 1 , J1 » 1 -< 

XP1=XPA+(I3-1)*XPC 
XP=XP1 

YP1=YPA+(I2-1)*YPC 
YP=YP 1 

ZP 1 =ZPA+  ( 1 1 - 1 ) *ZPC 


From  Line  14740 
From  Line  14740 


— From  Line  14740 
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r 


14160 

14130 

14200 

1 4220 

14240 

14260 

14230 

14300 

14320 

14340 

14360 

14330 

14400 

14420 

14440 

14460 

14430 

1 4500 

14520 

14540 

14560 

14530 

14600 

14620 

14640 

14660 

14630 

14700 

14720C 

14740 

14760 

14780 

14800 

14320 

14340 

1 4360 

14880 

14900 

14920 

14940 

14950 

14960 

14980 

15000 

15020 

15040 

15080 

15100 

15120 

15140 

15160 

15130 

15200 

15220 


ZP=ZP1 
GOTO  <33200,33220, 
33200  FLAG  1 = 1 — 

CALL  F I LSUM (FLAG  1 » 
WRITE  (06*  33130)  XF'l 
FLAG  1 =0 

CALL  F I LSUM (FLAG  1 , 
WRITE  (06.33130)  XF'l 

GOTO  33400  — 

33220  FLAG1  = 1 -* 

CALL  FILSUM (FLAG  1 , 
CALL  VSUM (HXO, HYO, 
WRITE  (06  » 33180)  XF'l 
FLAG  1 =0 

CALL  F I LSUM (FLAG1 * 
CALL  VSUM  < HXO  , HYO  » 
WRITE  (06.33130)  XF'l 
GOTO  33400  > — 


* 

>3310) , ID4 


N , XP  , YP  , ZF' , D , RCURD I S » CURD  I S , HXO , HYO » HZO  > 
, YP  1 » ZP1  , HXO  » HYO , HZO 


N . XP , YP , ZP  , D , RCURD I S , CURD  IS  , HXO  , HYO. HZO ) • 
> YP 1 , ZP1 , HXO , HYO, HZO  I 


N , XP  , YP , ZP  , D , RCURD I S , CURD  IS t HXO  f HYO » HZO ) 
HZO, HTOT  >ANG1 , ANG2 ) 

, YF'l  , ZP1  » HT OT  i ANG 1 , ANG2 

N.XP.YP.ZP.D.RC  IJ 13  D I S , CURD  1 3 , HXO » HY  0 , H Z 0 ) 
HZOfHTOT. ANG 1 . ANG2) 

. YP 1 .ZP1 f HTOT i ANG1 . ANG? 


33310  CONTINUE 
FLAG  1 - 1 

CALL  FILSUM ( FLAG  1 . 

CALL  VSUM (HXO . HYO. 

HTOTIT  = HTOT 
FLAG1  -0 

CALL  FILSUM (FLAG1  . 

CALL  VSUM (HXO. HYO. 

HTOTR=HTOT 

WRITE  (06.33185)  XF'l  , YF'l  . ZP  1 .HTOTM.HTOTR 


N.XP.YP.ZP.D.RCURDIS.CURDIS.HXO.HYO.HZO) 
HZO.  HTOT.  ANG  1 . ANC-2) 


IN  . X P , Y P , Z P . D . R C U R D I S . C IJ  R D I S . H X 0 . H Y 0 . H Z 0 ) 
HZO. HTOT. ANG 1 . ANG2 ) 


33400  CONTINUE  ^ 

33410  CONTINUE 
WRITE (06. 1236) 

WRITE (06.5360) 

WRITE (06. 1236) 

READ ( 09 . 329 1 0 ) L I NE . D5 . D6 
WRITE  (06 . 7331 ) 1)5  . D6 
7331  FORMAT <"  D5=".I3." 
WRITE (06. 1236) 

WRITE (06. 5860) 

WRITE (06. 1236) 

IF (D5.LT .0.5)GOTO  35300  

READ  (09. 32910)1. INE.NPOINT 
WRITE (06, 1236) 

WR I TE  < 06 . 7503 ) INF'O  I NT 
7503  FORMAT <"  CALCULATIONS 
WR I TE (06.1 236 ) 

GOTO (33600,33300,34000) ,D6 

33600  WRITE (06,33070)  

WRITE (06, 1236) 

GOTO  34200 

33300  WR I TE ( 06 , 33080 ) -* 

WRITE106, 1236) 

GOTO  34200 

34000  WRITE (06,33085)  


AND  D6=" » 13) 


To  line  16140 


WILL  BE  MADE  AT", 13,' 


POINTS") 
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L '33C  THI  ‘ -•TA'^C  CALC A*  rF  F'E'-fS  AT  DISCRETE  POINTS 

‘S&m  Di'.  ■;  1 6 = i -Nf  oint.  : -< 

-ec  - 

c4. READ  ! 32'r'  1 0 ) !_  ;\E  ■ XP  • YPfZP 

•f.  a.  ft  01.  - - 

~5(ftv»  GOTO  : O460C.  •■.‘A&0G  * C5000  J *D6  ->■ — — — 

c,  s Zfi  ' - 0is  L AC  1 = 

5540.  -- 

CALL  PI..-  n;  FLAG  I :NrXP.V''  7p  , r. , RC  LIRD I S • C 'RD I S . HX  0 1 H Y 0 * HZO ) 
“TO  4 p . " . , \i' . I • ■ i F'  - * Z ° t H X 0 - H X 0 * H 2 U 

5i  .•!<••  r-IAC.-;? 

5,;  ra  ;a:.l  . ,|JH  < - AC'  * N * XF  • CP . ZP  > E > RCURDI S * CURD  IS  * HxQ*  HYO  i HZO) 

■Tit, ....  w I T ! - » 0 6 - 1 0 ? ) X - 1 1:  . ZP  i • >' C • hYC  > -|ZU 

c . .; . 6 A r)  R T ' < 0 ...  . 

~ A $ CO*  O ’ 2 v ■ ^ — 1 

’0  . 24  . :i(  > A "■  i 

5 7 L r A ..  -r  5 U H t “ . A G . * . » X F'  - CP.  7 p . L « R C 0 K D I S * C-  U FT1 1 . H X u * H Y U . HZ  0 ) 

*.7 AO  C At. . . SU*!  iH*P  .4Y0.H70 -HTOT.  ANG1  ■ ANG2) 

5 7 ■ A 4F  I TO  i 7 . . 30  i Sfe' ; XF'  • YP * ZP  * . TOT  * ANC- 1 • ANG2 

“f.  * A A KAGl-i? 

‘ . ACL  F ,L  OM  (Ft  .4.:  * N • X F , YP . ZP  r D > PC  URL  IS  * CURD  I 3 > HXO » HYO  * HZO) 

.„*>  Vf  CiM  ( H Y r. , p v , HZC  » HTOT  . ANG 1 » ANG2 ) . 

.5-40  vJRJ  T I(«fc»  I ‘ 80?  XP*  YP  , ZPfHTOT  * ANG1  * ANG2  L 

o — >- — *JC 

- ■-!  0 _ - C*  C*  0 _A  ■ i — ^ — 

? (40  CALL  " '.  ,0!*!  .-G  ‘ . N • Xc' < YP  . 7"  » D f RCURDIS  ? CURDISi  HXO*  HYCiiHZO. 

•TZ®  CAlL  VSJH C i X 7 • HY  " • HZ  . H*  ' T . ANG  l > ANGZ  i 

' '3  A. fe-. 


...  r A . Tcv-fixFLAG  4 • Xi'  Y * Z;:  ♦ D • RCURD1 3 • C URD  1 S * HXO  * HY  0 * HZC 
..  ...  ..  . VC.UK  ' 'Xsifti  Y 0.  HZC  .--TOT.  ANG  1 . ANGZ>  . 

/a  wR  '*  }RT  x r . CP  , ZR  . 1J"  ^N*HTQT 

a.  ..  ;:f  a*  ;.  muE  — 1 

’ A < IT  ZC 

1:  • 

1 £ «...  T ■ . CND-  ''  Ai.C  .LA  I Pm  >'  f 'IElT'S  A*  DISPRETt  POINTS 

•4i  'ii'S  r n7  r NiJE — ^ From  line  14950 

.*  «F'  ; ' . ' ( .XX.  - = A 
1 P 7>  A - " " • X . I ; S ’ 

• <-Z00C  -- 

t • r .51  Pf  At  C0p»  •.  7NE*  07 

’ t ' I®  4 • ' Tl*  < “f  07 

r 15  !f.  ;*AM'T7  I T ■ 
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UHIS  PAGE  IS  BEST  QUALITY  PRACTICABLE 

rgm  copy  FURiii^Hsc  roDqQ  - - 


16340C  -- 

16340  I F i D 7 ) 3 6 3 0 0 » 2 6 3 0 0 , 3 *5 35- 

14360  35350  15=1  -« 

16400C  -- 


16430  READ (09.35360)  . I NE , NlCOP 
16440  35360  FORMAT (V) 

16460  WRITE (06 , 35365) NLOOF 
16480  WRITE  <06, 1336) 

16500  35365  FORMAT ("  THERE  WILL  BE  CALCULATIONS  IADS  FOR 
16520  WRITE (06 ,1236) 

16540  DO  36200  I = 1,  NLOOF,  1 -< 

16560  35370  CONTINUE 
165S0C  -- 


14600 

READ  (09 ,35360)1. 

INE-CXlrF  yi,p 

7 1 , 

PX2 , PY 2 , P 2 2 

16620 

READ  (09,35360)1. 

I NE  , F'X3  * PY3  , P 

_ J » 

PX4  . F'Y4  . PZ4 

16640 

WR I T !_  (06,1 436- ) 

16660 

WRITE  (06,35880) 

1 6680 

35380  FORMAT!" 

LOOP  POINT", 

b X f 

"X  ', 1 IX , "Y"  , I ' X 

16700 

W R I i h ( 0 4* , 1 2 3 6 ) 

16720 

17=1 

16740 

WRITE (06,35390) 

I5.I7.PX1 ,PV1 

f 4. 

1 

16760 

i i — u 

16780 

WRITE;  06, 35 390) 

15, I 7 , P X 2 , P Y 4 

> lr*  z 

1 6800 

17  = 3 

16  020 

WRIT E ( 0 6 , 3 5 3 9 0 ) 

1 5 , 1 7 , P X 3 , P Y 3 

* PI 

) 6840 

17=4 

1 6860 

W .6, 1C3V0) 

15, I7,PX4, 

WRITE <06, 1236) 

16900 

35890  FORMAT (IX 

, I 3 , 3 X , I 3 , 2 X , 

3 El 

2.3' 

16920 

WRITE;  06, 12  36) 

5 69400 

-- 

16960 

35400  FORMAT (" 

LOOP  NUMBER'  , 

15  • 

" MAGNETIC  Di'3 

16980 

35500  FORMAT (" 

LOOP  NUMBEr  , 

15 » 

" R E 8 T 5 r I V E DI 

i 7000 

WRITE (06, 1236) 

7020 

F.AG1 = 1 

17040 

CALL  LC'jP  (rLAC-l 

, D . RCO'RL  I CO 

rd: 

S > A'lTA  , E''rCT> 

1 '7  0600 

: 

' 7080 

WRITE (06 , 35800 ' 

AREA 

I 7:00 

W R I T E ; 0 1 • 123 h ' 

1 71  10 

WRITII  (06.3  3*00 

I 5 

17140 

I T . ( 06  , 3600  0 1 

8 T 0T 

17160 

A I 1 ; ( 0 6-  * 1 4 3 6 > 

17,30 

* tITE <06 ,1236) 

i 7200 

353  03  FORMAT  ; " 

L 2 0 P A ~ 2 A ' , 1 

.3,"  80UA-  • ME. 

17-220 

36000  cOPMAT <" 

T 0 T AL  F L *J X = " , 

IE! 

4.3,'  WEEERS") 

! 7240 

FLAG  1 =0 

172600 

17230 

call  loop  (Flam 

, D • R C U a I'  I , 0 IJ 

■rd: 

3 . 4 -FA  . ''TO' 

17800 

4R  Til  (06 , 355  00' 

T c 

1 7:1  _0 

WR  T T|;  ( 06  * 360-  lit ) 

PT,T 

1 7340 

WRiTi.  12  86) 

I 

17360 

WO  TE. 06 -5 360' 

ON"' 

•TON") 


E - . 


73C0  WRITE  4 < 1 ; 
17±00  I ' = 15  + 


74 

V i 

~ a 
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^Start^ 


Line  5000 
Line  5260 


How  many  conductors  are  there? | 
Read  NCOND 


In  what  units  are  the  conductor 
locations  defined? 


Read  factor  F 


Line  5640 


Enter  a control  character 


Read  IOFLAG2 


Linpg  6060.6080 

Where  are  the  conductors  located? 


If  oriainal  units  are  in  meters 
F=1 


If  in  centimeters  F=.01 
If  in  inches  F=.0254 


If  IOFLAG2=l  the  conductor 

locations  are  printed 
If  IOFLAG2=0  the  locations  are 
not  printed 


Read  D ( I , 1)  through  D(I,8) 


List  the  coordinates  that  define 
the  start  and  end  points  of  the 
conductors 


Controlled  by  a DO  loop  at 
line  6040  usinq  I as  an  index 
and  NCOND  as  a limit 


S 4300 


Figure  4.55  Program  DIFFMAG  - MAIN 


Figure  4.55  Program  DIFFMAG  - MAIN  Continued 
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i. 


1 


Figure  4.55  Program  DIFFMAG  - MAIN  Continued 

222 


1 


Line  11220 


Figure  4.55  Program  DIFFMAG  - MAIN  Continued 
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| Line  12260 

Print  the  headings  that  tell  where  will 
be  the  intercepts  with  the  various 
filaments 

t Lines  12400.17480,1: 
Calculate  the  X,Y,Z  coordinates  of  the 
points  of  interception 

jf  Lines  12500-12580 

Calculate  and  print  the  distances  between 
the  filaments  (DELS)  and  the  average 
magnetic  field  intensity  over  that 
distance  (DELH) 


Done  via  a CALL 
to  subroutine 
INCEPT 


Calculate  and  print  the  total  peripheral 
distance  along  that  path  of  interception 
(STOT)  and  the  average  magnetic  field 
intensity  along  that  path  (HAVE) 


Line  1316C 


What  are  two  control  characters? 


Read  ID3  and  ID4 


If  ID3=1  there  will  be  calculations 
of  the  field  intensity  at 
points  defining  a volume 


Line  13270 


No  ( ID3=0) 


' Make 
calculations  over 
a volume? 


To  S 33140 
Line  14760 


ID3=0  there  will  not  be  such 
calculations 

If  ID4=1  the  initial  and  final  fields 
will  be  tabulated  in  rectan- 
„ gular  coordinates 


Yes  ( ID3=1) 


Lines  13280-13320 


Over  what  range  should  such  calculations 
be  made? 

Read  ZPA.ZPB.ZPC 
YPA  , YPB  , YPC 
XPA , XPB , XPC 


Lines  13340-13380 


Print  those  values 


ID4=2  the  initial  and  final  fields 
will  be  tabulated  in  polar 
coordinates 

ID4=3  only  the  magnitudes  of  the 

initial  and  final  fields  will 
be  tabulated 


ZPA=  starting  point 
ZPB=  ending  point 
ZPC=  increment  between 
points 

Ditto  for  Y and  X 


Figure  4.55  Program  DIFFMAG  - MAIN  Continued 


ine  13640 


via  a CALL  to  subroutine  VSUM  via  calls  to  subroutine  FILSUM 

With  FLAG1=1  the  initial  intensity 
is  calculated 

With  FLAG1=0  the  final  intensity 
is  calculated 

Figure  4.55  Program  DIFFMAG  - MAIN  Continued 
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Line  14840 


What  are  two  control  characters? 
Read  D5  and  D6 


S Make  ' 
calculations 
at  discrete 
. points? 


Xine  14950 
; No  (D5=0) 


If  05=1  there  will  be  calculations 

made  of  the  field  intensities 
at  discrete  points 

D5=0  there  will  not  be  such 
calculations 


v D6=l  the  initial  and  final  fields 

/ l will  be  tabulated  in  rectan- 

y gular  coordinates 

To  S 35300 

Lire  16140  D6=2  the  initial  and  final  fields 

will  be  tabulated  in  polar 
coordinates 


Y Line  14960 

How  many  points  are  there? 
Read  NPOINT 


D6=3  only  the  magnitudes  of  the 
initial  and  final  fields 
will  be  tabulated 


S 33600  (D6=l) 


^ What 
type  of 
calculation? 


Line  15080 
SS>*SNS  34000  (D6=3) 


Line  15100 


S 33800  (D6=2) 
Line  15160 


Line  15220 


S 34200  Line  15280 


Figure  4.55  Program  DIFFMAG  - MAIN  Continued 


Figure  4.55  Program  DIFFMAG  - MAIN  Continued 
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Done  via  a CALL  to 
subroutine  LOOP 


Figure  4.55  Program  DIFFMAG  - MAIN  Concluded 
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In  lines  6060  and  6080,  the  data  describing  the  conductors 

are  read.  That  data  is  given  on  lines  30,  40,  of  the  input 

data  file.  There  is  one  line  for  each  conductor,  each  line  giving 
the  X,  Y,  and  Z coordinates  of  the  start  and  end  points  of  the 
conductors,  as  well  as  the  diameter  of  the  conductors.  That  data 
is  stored  in  the  array  D. 

In  lines  7060  through  7120,  the  lengths  of  the  conductors 
are  calculated. 

In  lines  7660  through  7840,  the  distances  between  the  ends 
of  the  filaments  are  calculated.  This  data,  if  printed,  helps 
the  user  check  the  correctness  of  his  input  data.  These  distances 
should  be  fairly  uniform.  If  they  are  not,  it  generally  indicates 
an  error  in  the  input  data. 

In  line  8060,  the  total  current  into  the  structure  is  read. 

The  field  intensities  are  linear  with  current. 

In  lines  8180  through  10460,  the  self-  and  mutual  inductances 
of  the  various  conductors  are  calculated.  Figure  4.56  gives  a 
flow  chart  of  the  logic  of  this  particular  set  of  calculations. 
Table  4.3  gives  the  correspondence  of  the  terms  used  in  Equations 
4.68  through  4.84  and  the  quantities  used  in  the  program. 

In  lines  10580  through  10960,  the  magnetic  distribution  of 
current  is  calculated.  The  matrix  inversion  called  for  by  Equa- 
tions 4.55  through  4.57  is  performed  via  a call  to  the  subroutine 
MATRIX. 

In  lines  11000  through  11120,  the  resistive  distribution  of 
current  is  calculated.  Allowance  is  made  for  the  different  diam- 
eters and  lengths  of  the  conductors,  but  all  conductors  are  as- 
sumed to  be  made  of  the  same  material  and  hence  to  have  the  same 
conductivity. 

In  line  11160,  another  control  character  is  read,  this  one 
controlling  whether  or  not  the  distribution  of  currents  is  to  be 
pr inted . 

Starting  at  line  11520,  calculations  are  made  where  the  var- 
ious conductors  intercept  planes  that  the  user  might  desire  to 
specify.  The  purpose  of  the  plane,  described  in  more  detail  in 
Section  4.6.5,  is  to  determine  the  magnetic  field  intensity  along 
the  surface  of  the  structure  along  a defined  path.  The  number 
of  planes  is  entered  at  line  11520  and  the  coordinates  of  three 
points  that  define  the  plane  are  read  at  line  11740.  Subroutine 
PLANI  is  used  to  calculate  the  equation  of  the  plane  from  those 
three  points,  and  subroutine  INCEPT  is  used  to  calculate  the  points 
at  which  the  conductors  intercept  the  plane.  If  those  points  are 
plotted  by  the  user  on  a piece  of  graph  paper,  the  user  can  deter- 
mine the  area  enclosed  by  the  structure  at  those  points.  That 
area  is  one  of  the  factors  governing  the  redistribution  time  con- 
stant. Another  factor  is  the  peripheral  distance  around  the  struc- 
ture. This  quantity  is  returned  by  the  subroutine  INCEPT. 
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Figure  4.56  Calculation  of  Self  and  Mutual  Inductance 
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TABLE  4.3 


CORRESPONDENCE  BETWEEN  TERMS  USED  IN  EQUATIONS 
AND  TERMS  USED  IN  THE  PROGRAM 

When  evaluating  the  terms  that  deal  with  the  general  case 
(Equations  4.68  - 4.74) 


l 

= 

D(i,9) 

m 

= 

D(j,9) 

cos  e 

= 

El 

at 

line 

8720 

sin2  e 

= 

E2 

at 

line 

8740 

sin  e 

= 

E3 

at 

line 

8760 

Ri2 

= 

Q1 

at 

line 

8360 

R22 

= 

Q2 

at 

line 

8440 

r32 

= 

Q3 

at 

line 

8540 

R42 

= 

Q4 

at 

line 

8640 

When 

evaluating  Equation  4.70 

2m(R22-R32-£2) 

= 

XKl 

at 

line 

8820 

a2 (R4 2 -R3 2 -m2 ) 

= 

XK2 

at 

line 

8840 

4£2m2-a4 

= 

XK 

at 

line 

8860 

= 

U1 

When 

evaluating  Equation  4.71 

2£ (R4  2-R3  2-m2 ) 

= 

XKl 

at 

line 

8900 

a2 (R22-R32-£2) 

= 

XK2 

at 

line 

8920 

V 

= 

VI 

at 

line 

8940 

When 

evaluating  Equation  4.72 

d2 

= 

Di 

d 

= 

d2 

When 

evaluating  Equation  4.73 

, 1 rd2Cose+  (y+£)  (v+m)  sin2  e-, 

tan  1 dR'iSine  J 

= 

XKl 

at 

line 

9140 

-l  rd2Cose+ (ij+JI)  vSin2£, 

tan  1 dR2Sine 1 

= 

XK2 

at 

line 

9180 

„ -i  ,d2Cose+yvSin2 e, 
tan  [ dRsSine 1 

= 

XK3 

at 

line 

9220 

, 1 rd2Cose+w (v+m) Sin2 e, 

tan  1 dR4Sine  1 

= 

XK4 

at 

line 

9260 

a 

= 

W 

at 

line 

9280 
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TABLE  4.3  (Continued) 


M is  calculated  from  Equation  4.74  using  the  identity  of 
Equation  4.75  to  evaluate  the  inverse  hyperbolic  tangents 

(y+i)  tanh'1^^-  = XKl  at  line  9320 

( v+m) tanh~ 1 - ^ = XK2  at  line  9360 

p tanh- 15— = XK3  at  line  9400 

R3+R4 

v tanh-  1 s- = XK4  at  line  9440 

i<2  +K  3 

M = XM(i,j)  at  line  9460 

When  evaluating  the  Equations  4.79  - 4.82  for  parallel 
conductors 


d = 

D2 

at 

line 

9900 

c 

S = 

D4 

at 

line 

9920 

a = 

XKl 

at 

line 

9940 

e = 

XK2 

at 

line 

9960 

•> 

i = 

XK3 

at 

line 

9980 

aloge 

a 

_d 

+ 

2 

+1 

= 

XK4 

at 

line 

10040 

61ogE 

*6 

+ 

2 

+1 

— 

XK5 

at 

line 

10100 

Yl°ge 

’y 

d 

+ 

2 

+1 

= 

XK6 

at 

line 

10160 

61og£ 

*6 

d 

+ 

2 

+1 

= 

XK7 

at 

line 

10220 

2+d: 

r _ 

XLl 

at 

line 

10280 

2+d: 

r _ 

XL2 

at 

line 

10320 

/y 

2+d: 

r _ 

XL3 

at 

line 

10360 

rt 

2+d 

1 _ 

XL4 

at 

line 

10400 

M = 

XM(i, j) 

at 

line 

10440 
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Possibly  there  could  be  developed  a computer  routine  that 
would  calculate  the  enclosed  area  from  the  coordinates  of  the 
points  of  intersection.  At  the  moment,  such  a routine  is  not 
available. 

In  line  13160  there  are  read  two  control  characters.  One  of 
them,  ID3,  controls  whether  or  not  there  are  to  be  made  calcula- 
tions of  the  field  intensity  at  points  that  define  a volume.  The 
other,  ID4,  determines  whether  the  field  intensities  are  to  be 
printed  out  in  rectangular  or  spherical  coordinates.  In  lines 
13270  through  13320  are  read  the  quantities  that  define  the  vol- 
ume over  which  the  calculations  are  to  be  made.  Those  points  are 
defined  and  entered  in  the  same  manner  as  they  were  in  the  pro- 
gram APERTURE. 

In  lines  13560  through  13600,  the  quantities  Jl  through  J3 
are  used  to  index  the  X,  Y,  and  Z coordinates  of  the  points  at 
which  the  calculations  are  to  be  made. 

Assuming  calculations  are  to  be  made  at  those  points,  lines 
13640  through  13900  are  used  to  print  the  appropriate  types  of 
headings  for  the  tabulations  of  field  strength. 

The  calculations  of  field  strength  are  made  by  summing  the 
magnetic  fields  produced  by  the  current  flowing  in  the  various 
conductors.  That  calculation  is  made  via  a call  to  the  subrou- 
tine FILSUM.  FILSUM  is  entered  with  the  coordinates  of  the  point 
at  which  the  calculation  is  to  be  made,  XP,  YP,  and  AP,  along 
with  the  control  character  FLAG1.  For  each  point  calculations 
are  made,  first  for  the  field  as  determined  by  the  magnetic  dis- 
tribution of  current  and  then  for  the  field  as  determined  by  the 
resistive  distribution  of  current.  If  FLAGl  is  set  equal  to  1, 
the  magnetic  distribution  of  current  is  used;  and  if  FLAGl  is  set 
equal  to  0,  the  resistive  distribution  is  used.  FILSUM  returns 
the  field  strengths  in  rectangular  coordinates.  If  a tabulation 
in  polar  coordinates  is  desired,  the  conversion  is  made  via  a 
call  to  the  subroutine  VSUM. 

In  line  14840,  two  more  control  characters,  D5  and  D6,  are 
read.  These  control  whether  or  not  the  user  wishes  the  field 
strength  to  be  calculated  at  discrete  points  and,  if  so,  whether 
he  wishes  the  field  strength  to  be  returned  in  rectangular  or 
polar  coordinates.  The  calculation  of  field  strength  at  those 
points  is  done  in  the  same  manner  as  the  calculation  of  field 
strength  at  points  defining  a volume. 

In  line  16220,  a control  character,  D7,  is  read  that  controls 
whether  or  not  there  are  to  be  made  calculations  of  the  total 
flux  passing  through  a loop.  If  there  are  to  be  such  calculations, 
the  number  of  loops  is  read  at  line  16420  and  the  points  defining 
the  loop  at  lines  16600  and  16620.  The  calculation  of  total  flux 
is  made  via  a call  to  subroutine  LOOP.  LOOP  returns  two  quanti- 
ties, the  area  of  the  loop  and  the  total  flux  passing  through  the 
loop.  Two  calls  are  made  to  LOOP,  the  first  using  the  magnetically 
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determined  distribution  of  current  to  calculate  the  initial  value 
of  flux,  and  the  second  using  the  resistively  determined  distri- 
bution of  current  to  calculate  the  final  value  of  flux. 

The  MAIN  portion  of  the  program  ends  at  line  17480. 

4.6.2. 5 Subroutine  MATRIX.  The  subroutine  MATRIX  is  an  adapta- 
tion of  a standard  matrix  inversion  program.  It  is  used  to  in- 
vert the  impedance  matrix  when  calculating  the  manner  in  which 
current  divides  among  the  various  conductors.  A listing  of  MATRIX 
is  given  in  Figure  4.57.  It  is  entered  with  the  impedance  matrix 
M (i,j)  and  the  three  quantities  IDUM,  JDUM,  and  KDUM  that  give 
the  order  of  the  matrix.  The  inverted  matrix  is  returned  in  the 
same  array,  M (i,j),  with  which  it  was  entered. 

4.6.3  Subroutine  FILSUM 

This  subroutine  calculates  the  magnetic  field  produced  by 
each  current-carrying  filament  and  sums  those  fields  to  get  the 
total  field  at  a specific  point. 

It  receives  the  following  data: 

FLAG1  which  tells  whether  the  routine  is  to  calcu- 

late the  initial  or  the  final  field  inten- 
sity 

FLAG1  = 1 initial  field  intensity  using 
CURDIS  (I) 

FLAG1  = 0 final  field  intensity  using 
RCURDIS  (I) 

CURDIS  (I)  which  is  the  array  of  currents  determined 
magnetically 

RCURDIS  (I)  which  is  the  array  of  currents  determined 
resistively 

N which  tells  how  many  filaments  there  are 

XP,  YP,  ZP  which  are  the  points  at  which  the  field  in- 
tensity is  to  be  calculated 

D ( I , J)  which  is  the  data  defining  the  locations  of 

the  filaments 

It  returns  the  following  data: 

HXO,HYO,HZO  which  are  the  field  strengths  oriented  along 
the  reference  X,  Y,  and  Z axes. 

A 

The  geometry  under  study  is  shown  on  Figure  4.58.  The  filament 
producing  the  magnetic  field  runs  between  P-^  and  P2*  The  point 
at  which  the  field  is  to  be  calculated  is  designated  P. 
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17480C  - 

17500  SUBROUTINE  MATRI X (M  f IDUM » JDUM  fKDUM) 

17520  DIMENSION  M(40f40) 

17540  DIMENSION  LABEL (40) 

17560  REAL  M > TEMP 
17580*** I NVERT 

17600***KDUM  IS  ROWS  AND  COLUMNS  OF  A-L  AND  M ARE  ZERO 

1 7620***NOTE ::::::::: RESULTS  ARE  STORED  IN  M NOT  CM!!! 

17640  NR=KDUM 
17660  NC=KDUM 
17680  DO  21  J 1 = 1 » NR 
17700  21  LABEL (J1)=J1 
17720  DO  291  J1=1,NR 

17740**FIND  REMAINING  ROW  CONTAINING  LARGEST*** 
17760**ABSOLUTE  VALUE  I»  PIVOTAL  COLUMN******** 

17780  TMP 1=0. 

17800  DO  121  J2=U1 t NR 
17820  TMP2=ABS (M ( J2  »J1 ) ) 

17840  IF (TMP2-TMP1 ) 121 f 121 f 1210 

17860  1210  TMF'  1 =TMP2 

17880  I BI G- J2 

17900  121  CONTINUE 

17920  IF ( IBIG.EQ. Jl)GO  TO  201 

1 79 40** RE ARRANGE  ROWS  TO  PLACE  LARGEST  ABSOLUTE 
1 7960**VALUE  IN  PIVOT  POSITION********* 

17980  DO  141  J2= 1 » NC 
18000  TEMP=M ( J1 i J2) 

18020  M (J1  »J2)  = M(IBIGfJ2) 

18040  141  M(IBIGf J2)=TEMP 
18060  N=LABEL(J1) 

18080  LABEL (U 1 ) =LABEL (IBIG) 

18100  LABEL ( IBIG) =N 

18120***  : : : : COMPUTED  COEFFICIENTS  IN  PIVOTAL  ROW:::: 

18140  201  "rEMP  = M(Jl  r.Jl) 

18160  M( J1 f Jl) =1 .0 

18180  DO  221  J2= 1 » NC 

18200  221  M(J1»J2)=M(J1IJ2) /TEMP 

1 82 20** COMPUTE  COEFFICIENT  IN  OTHER  ROWS**** 


Figure  4.57  Program  Listing  of  Subroutine  MATRIX 
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18240  DO  231  J2= 1 » NR 
18260  IF ( J2 . EQ . J1 ) GO  TO  281 
18280  TEMP=M ( J2 » J 1 ) 

18300  M ( J2  » J1 ) =0. 

18320  DO  241  J3=1fNC 

18340  241  M ( J2  » J3) =M ( J2  » J3 ) -TEMP*M ( J1 » J3) 

18360  281  CONTINUE 
18380  291  CONTINUE 

1 8400*-*  INTERCHANGE  COLUMNS  ACCORDING  TO 
18420#-*  INTERCHANGES  OF  ROWS  OF  ORIGINAL  MATRIX** 

18440  301  N1 =NR- 1 

18460  DO  391  J 1 = 1 » N 1 

18480  DO  321  J2=J1 »NR 

18500  IF (LABEL (J2) .NE.J1 ) GO  TO  321 

18520  I F ( J2 . EQ . J 1 ) GO  TO  391 

18540  GO  TO  341 

18560  321  CONTINUE 

18580  341  DO  361  J3=1»NR 

18600  TEMP  = M ( J3 » J 1 ) 

18620  M(J3»Jl)=M(J3f.J2) 

18640  361  M(J3» J2) =TEMP 
18660  LABEL! J2) = LABEL (J1 ) 

18680  391  CONTINUE 
18700  500  RETURN!  END 

Figure  4.57  Program  Listing  of  Subroutine  Matrix-Concluded 
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Figure  4.58  A Current  Carrying  Filament 

Let  i,  j,  and  k be  unit  vectors  parallel  respectively  to  the 
X,  Y,  and  Z axes. 

The  filament  may  be  considered  a vector  A whose  magnitude 
is  A.  Likewise,  the  lines  joining  the  ends  of  the  filament  to 
P may  be  considered  as  vectors  B and  C of  magnitudes  B and  C. 


A = Aji  + A2j  + A^k 


(4.87) 


A = (X_  - X,  ) i + (Y„  - YJj  + (Z.,  - Z )k 


A = / (X2  - Xx)  + (Y2  - Y^-  + (Z 


B = + B2j  + B^k 


B = <X„  - X,)i  + (Yp  - Yx)j  + (Z, 


Y.)  + (Z 


(4.88) 


C = C i + C2j  + C3k 


c = / (xp  - x2)2  + (Yp  - y2)2  + (zp  - z2)2  (4.95) 


Cos  0 = 


Cos  4>  = — 


2 „2  2 

A + B - C 

2 AB 


2 _2  2 
A + C - B 


AC 


d = B Cos  0 = 


e = C Cos  4>  = 


2 2 2 
A + B - C 

2 A 


2 2 2 
A + C - B 


(4.93) 


C = (xp  - x2)i  + (Yp  - Y2)i  + ( Zp  - z2)k  (4.94) 


2 A 


(4.96) 


(4.97) 


(4.98) 


(4.99) 


r~i  ~2 

r = / B - d 


The  magnetic  field  intensity  at  P is 
_ I (Cos  0 + Cos  it) 


mag 


2 nr 


(4.100) 


(4.101) 


This  field  is  oriented  perpendicular  to  the  plane  defined 
by  the  vectors  A,  B,  and  C.  The  vector  that  is  oriented  perpen- 
dicular to  that  plane  is  NU  where 


NU  = NU1  i + NU2  j + NU3  k 


(4.102) 


and  where 
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ml  - <A2B3  - A3B2> 


(4.103) 


NU2  = (A1B3  - A B ) 

(4.104) 

NU3  = (AlB2  - A2Bl) 

(4.105) 

The  magnitude  of  this  vector  is 

NU  = / (NUl)2  + (NU2)  2 + (NU3)2  (4.106) 

The  magnitudes  of  the  X,  Y,  and  Z components  of  the  unit  vec- 
tor normal  to  the  plane  are 


NUX 

= NU1/NU 

(4.107) 

NUY 

= NU2/NU 

(4.108) 

NUZ 

= NU3/NU 

(4.109) 

The  X,  Y,  and  Z components  of  the  field  at  P are  then 


HX  = H 

MAG 

X 

NUX 

(4.110) 

HY  = H 

MAG 

X 

NUY 

(4.111) 

HZ  = H 

MAG 

X 

NUZ 

(4.112) 

A listing  of  the  subroutine  is  given  on  Figure  4.59. 

A flow  chart  of  the  subroutines  is  shown  on  Figure  4.60. 

In  the  subroutine,  which  occupies  lines  18720  through  19580,  the 
sums  of  the  individual  field  strengths  are  taken  by  a DO  loop  at 
line  18900.  The  DO  loop  uses  I as  an  index  with  N,  the  number 
of  conductors,  as  the  limit.  In  the  program,  the  following  quan- 
tities are  used: 


X1 

= 

D (I , 2) 

X2 

= 

D(I,5) 

Y1 

= 

D(I,3) 

Y2 

= 

D(I,6) 

Z1 

= 

D(I,4) 

Z2 

= 

D (I , 7 ) 

A 

= 

D(I,8) 

B 

= 

BLEN 

C 

= 

CLEN 

r 

= 

RAD 

Cos 

<> 

= 

COSA 

Cos 

0 

- 

COSB 

The  subroutine  itself  is  fairly  straightforward,  following 
the  order  of  Equations  4.87  through  4.102  fairly  directly. 
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18720C  

18740  SUBROUTINE  F I LSUM (FLAG f N f XP f YP f ZP » D f RCURBI S fCURD I S r HXO f HYO f HZO) 
18760  DIMENSION  D ( 40 » 9 ) f RCURDIS ( 40 ) f CURD  I S ( 40 ) 

18780  REAL  NU r NU1 » NU2 t NU3 f NUX f NU Y » NU2 
18800  T WOP  I =6. 28318531 
18820  H X 0 = 0 
18840  H YO=0 
18860  HZO=0 
18880  1=1 

18900  DO  1000  I = 1 r N r 1 
18920  IF (FLAG >0.5)  GO  TO  1010 
18940C  F IL I =RESI ST  I VE  CURRENT  DISTRIBUTION 
18960  FILI=RCURDIS<  I) 

18980  GO  TO  1020 
19000  1010  CONTINUE 

19020C  F I L I =MAGNET I C CURRENT  DISTRIBUTION 
19040  FILI=CURDIS ( I ) 

19060  1020  CONTINUE 

19080  A1=D(If5)-D(If2)fA2=D(If6)-D(If3) 5 A3=D ( I f 7 ) -D ( I f 4) 

19100  B1=XP-D(If2) fB2=YP-D(If3) fE3=ZP-D(If4) 

19120  C1  = XP-D(If5) ;C2  = YP-D(If6) fC3  = ZP-D(I f 7) 

19140  BLEN=SQRT ( (B1*B1+B2*B2+B3*B3) ) 

19160  CLEN=SQRT ( C 1 *C 1 +C2*C2+C3*C3 ) 

19180  COSA= <D(If9)*D(If9) +BLEN»BLEN-CLEN*CLEN ) / ( 2 . *D ( I f 9 ) ) 

19200  CO$A=COSA/BLEN 

19220  COSE  = ( D ( I f 9 ) *D ( I f 9 ) +CLEN*CLEN-BLEN*BLEN ) / ( 2 . *D ( I f 9 ) ) 

19240  COSB=COSB/CLEN 
19260  RAD=BLEN*SQRT ( 1 -COSA*COSA) 

19280  HMAG  = - (FILI* (COSA+COSB) / <TWOPI*RAD)  ) 

1 9300C  THESE  ARE  THE  COMPONENTS  OF  THE  NORMAL  VECTOR 
19320  NU1=A2»B3-A3*B2 
19340  NU2=A3*B1-A1*B3 
19360  NU3=A1*B2-A2*B1 

19380  NU=SQRT ( NU 1 *NU 1+NU2*NU2+NU3*NU3 ) 

19400  NUX=NU1/NUfNUY=NU2/NUfNUZ=NU3/NU 
19420  HXN=HMAG*NUX 
19440  H YN=HMAG*NUY 
19460  HZN=HMAG*NUZ 
19480 

19500  HXO=HXO+HXN 
19520  HYO=HYO+HYN 
19540  HZO=HZO+HZN 
19560  1000  CONTINUE 
19580  RETURNJEND 


Figure  4.59  Program  Listing  of  Subroutine  FILSUM 
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PRECEDING  PAGE  BLaNK-NOT  FILMED 


Line  19580 

Return  HXO 
HYO 
HZO 


Resistive 

JH.  (FLAG=0) 

FI  LI  = RCURDIS  (1)1 


HXO=0 
HYO=0 
HZO=0 . 


Lines  18800-18820 


Line  18880 


.Implied  in  a DO  loop  at  Line  18900 


I .LT.  N 


i 


ine  18920 


Magnetic  or 
resistive 
Distribution? 

\ / 


Calculate  distances  and 
angles  involved 
BLEN 
CLEN 
COSA 
COSB 
RAD 


Magnetic  S 1010 
(FLAG=1)  Line  19040 


Lines  19080 
19260 


Calculate  the  magnitude  of 
the  field  intensity 
HMAG 


Line  19280 


Figure  4.60  Flow  Chart  of  Subroutine  FILSUM 


I 

Calculate  the  components  of 
the  unit  vector  normal  to 
the  plane  defined  by  the  con- 
ductor and  the  vectors  whose 
magnitudes  are  BLEN  and  CLEN 


Lines  lc*'?20- 
19480 


NUX 

NUY 

NUZ 


Figure  4.60  Flow  Chart  of  Subroutine  FILSUM  - Concluded 
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The  subroutine  itself  is  fairly  straightforward,  following 
the  order  of  Equations  4.87  through  4.102. 

4.6.4  Subroutine  VSUM 

This  subroutine  receives  as  input  the  quantities  X,  Y,  and 
Z,  which  are  the  X,  Y,  and  Z components  of  the  field  strength. 

It  returns  the  quantities  MAG,  ANG1 , and  ANG2 , which  are  the 
field  strength  resolved  into  spherical  coordinates. 

The  geometry  and  designation  of  quantities  are  shown  in  Fig- 
ure 4.61. 

A listing  of  the  subroutine  is  given  in  Figure  4.62  and  a 
flow  chart  given  in  Figure  4.63. 

The  first  step  in  the  analysis  is  to  resolve  the  latitude 
angle,  this  being  designated  ANG1  (Angle  1) . ANGl  will  always 
be  positive  since  D is  taken  as  a vector  sum  of  X and  Z.  In  order 
to  guard  against  error  messages  in  the  event  that  either  Y = 0 
or  D = 0 (X  and  Z both  zero) , the  arc  tangent  is  taken  in  one  of 
two  branches,  depending  on  whether  or  not  the  absolute  value  of 
Y is  less  than  D.  Angle  1 is  resolved  in  program  steps  19660 
through  19840. 

At  statement  7100  (program  step  19860)  the  program  commences 
the  resolution  of  Angle  2.  The  logic  is  fairly  straightforward 
as  long  as  one  has  the  flow  chart  of  Figure  4.63  for  a guide. 

There  are  two  major  branches,  depending  on  whether  Z is  negative 
or  not.  In  each  of  those  branches,  the  arc  tangent  is  calculated 
in  either  of  two  ways,  depending  on  whether  or  not  the  absolute 
value  of  X is  less  than  the  absolute  value  of  Z.  This  is  again 
done  in  order  to  guard  against  division  by  zero  in  the  event  that 
either  X or  Z is  zero. 

There  is  a possibility  both  X and  Z could  be  zero,  and  in 
this  case.  Angle  2 is  set  to  45°. 

The  remaining  statements  are  included  to  present  Angle  2 in 
the  range  -180°  to  +130°. 

4.6.5  Subroutines  PLANI  and  INCEPT 

Figure  4.64  shows  a surface  defined  by  a group  of  filaments. 
If  a plane  is  passed  through  these  filaments,  as  in  Figure  4.65, 
each  of  the  filaments  will  intersect  the  plane  at  some  specific 
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Figure  4.61  Conventions  Regarding  Angles:  (a)  Latitude 
and  Longitude  Angles  Defined;  (b)  Quadrant 
Designations  for  Longitude;  (c)  Quadrant 
Designations  for  Latitude 


19600C  - - 

19620  SUBROUTINE  VSUI1  ( X » Y f Z » MAG » ANG 1 t ANG2 ) 

19640  REAL  MAG 

19660  MAG=SGRT<X*X+Y*Y+Z*Z) 

19680  0=57.2957795 
19700  D=SGRT <X*X+Z#Z) 

19720  7000  IF  (ABS  ( Y XABS  (D)  ) GOTO  7006 
19740  ANG1 =G*AT AN (D/ Y ) 

19760  IF ( Y < 0 ) GOTO  7004 

19780  GOTO  7100 

19800  7004  ANG 1 =180  +ANG1 

19820  GOTO  7100 

19840  7006  ANG1 =90-ATAN ( Y/B) 

19860  7100  IF (Z<0)  GOTO  7200 
19880  I F ( X . EG . Z ) GOTO  7102 
19900  IF (ABS (X) < ABS (Z) ) GOTO  7106 
19920  ANG2=G*ATAN<Z/X) 

19940  GOTO  7103 

19960  7102  ANG2=45 . 0 

19980  7103  IF  (X<0) GOTO  7104 

20000  GOTO  7300 

20020  7104  ANG2= 180+ANG2 

20040  GOTO  7300 

20060  7106  ANG2  = 90-Q-*ATAN  (X/Z) 

20080  GOTO  7300 

20100  7200  I F (ABS  (XX  ABS  ( Z)  ) GOT 0 7206 
20120  ANG2=Q*ATAN(Z/X) 

20140  IF  (X<0)  GOTO  7204 
20160  GOTO  7300 
20180  7204  ANG'2  = 1 S0+ANG2 
20200  GOTO  7300 

20220  7206  ANG2=-90-G*ATAN(X/Z) 

20240  7300  CONTINUE 
20260  RETURN » END 

Figure  4.62  Program  Listing  of  Subroutine  VSUM 

X,  Y,  and  Z coordinate.  The  reason  that  one  might  wish  to  deter- 
mine these  points  of  intersection  is  that,  if  the  currents  in  the 
various  filaments  are  known  (a  task  that  MAIN  does)  and  if  the 
plane  is  correctly  chosen,  one  can  then  calculate  the  tangential 
magnetic  field  along  the  path  traced  out  by  the  points  of  inter- 
section of  the  filaments  with  the  plane.  As  shown  in  Figure  4.66, 
the  tangential  magnetic  field  at  P is  equal  to  the  current  den- 
sity at  P,  and  this  current  density  can  be  approximated  as 


The  i.  and  i~,  in  Equation  4.113,  are  the  currents  in  the  two  fil- 
aments on  either  side  of  the  point  under  study,  and  S is  the  spac- 
ing between  the  filaments.  The  tangential  field  will  be  oriented 
at  right  angles  to  the  streamlines  of  the  current.  The  spacing 
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Line  19620 


X=  X component  of  field 
Y=  Y component 
Z=  Z component 


Figure  4.63  Flow  Chart  of  Subroutine  VSUM 
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r 


Figure  4.63  Flow  Chart  of  Subroutine  VSUM  - Concluded 
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S,  in  Equation  4.113,  should  be  the  minimum  spacing  between  the 
filaments  at  the  point  under  study.  The  provision  that  the  plane 
be  correctly  chosen  relates  to  the  fact  that  the  intersection  of 
a current  surface  with  a plane  will  not,  in  general,  trace  out 
a path  that  is  the  shortest  distance  between  the  filament  which 
defines  the  surface.  To  the  degree  that  the  plane  is  skewed  to 
the  defining  filaments,  the  actual  distance  between  the  points 
of  intersection  will,  in  general,  be  greater  than  the  minimum  dis- 
tance between  the  filaments.  This  point  is  perhaps  better  illus- 
trated in  Figure  4.67.  Only  at  Pc,  does  the  path  of  the  intersec- 
tion of  the  plane  lie  perpendicular  to  the  filaments.  At  PA  and 
PB  it  lies  askew  the  filaments,  and  hence  there  will  be  an  error 
in  the  computed  spacing  between  the  filaments.  These  errors  will 
be  proportional  to  Cosa  and  Cos3,  respectively.  Generally,  if 
the  intersecting  plane  is  well  chosen,  the  error  will  be  relatively 
small;  since  even  for  relatively  large  angular  displacements,  the 
cosine  does  not  depart  greatly  from  unity.  For  example,  if  a = 20°, 
Cosa  = 0.94,  a 6%  error. 


Figure  4.67  A Source  of  Error 

The  user  must  define  the  intersecting  plane  or  planes,  and 
a certain  amount  of  care  must  be  taken  to  choose  the  orientation 
of  the  plane  so  as  to  minimize  errors  due  to  skewing. 

The  first  step  in  the  analysis  is  to  determine  the  three  quan- 
tities that  determine  the  coordinates  of  the  intersecting  plane. 
This  is  done  in  the  subroutine  PLANT. 
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4. 6. 5.1  PLANI 


The  equation  of  the  plane  is  of  the  form 


All  X + A12  Y + A13  Z = 1 (4.114) 


If  the  three  defining  points  Pi,  P2,  and  P3  are  respectively 
at  (Xl,  Yl,  Zl) , (X2,  Y2,  Z2) , and  (X3,  Y3,  Z3) , then  the  equation 
of  the  plane  must  satisfy  those  three  locations  simultaneously. 


All 

XI 

+ 

A12 

Yl 

+ 

A13 

Zl 

= 1 

(4.115) 

All 

X2 

+ 

A12 

Y2 

+ 

A13 

Z2 

= 1 

(4.116) 

All 

X3 

+ 

A12 

Y3 

+ 

A13 

Z3 

= 1 

(4.117) 

These  may  be  put  in  matrix  form  as 


All 

XI 

Yl 

Zl 

- 

1 

A12  X 

X2 

Y2 

Z2 

= 

1 

A13 

• 

X3 

Y3 

Z3 

1 

or 


All 
A12 
A13 

Multiplying  by  the  inverse  of  the  C matrix 
[ah] 

x 


A12 

A13 


c"|  X c_1  = IX  c'1 


from  which 


All  = cil  + C12  + cl  3 


(4.118) 


(4.119) 


(4.120) 


(4.121) 
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where 


A12 

= C21 

+ C22 

+ C23 

(4. 

.122) 

A13 

= C31 

+ C32 

+ C33 

(4. 

.123) 

Cll 

= 

(Y2  x Z3 

- Y3  x Z2)/D 

(4.124) 

C12 

= 

- (Y1  x Z3 

- Y3  x Zl)/D 

(4.125) 

Cl  3 

= 

(Y1  x Z2 

- Y2  x Zl)/D 

(4.126) 

C21 

= 

- (X2  x Z3 

- Y3  x Z2)/D 

(4.127) 

C22 

= 

(Xl  x Z3 

- X3  x Z2)/D 

(4.128) 

C23 

= 

- (Xl  X Z2 

- X2  x Zl)/D 

(4.129) 

C31 

= 

(X2  X Y3 

- X3  x Y2)/D 

(4.130) 

C32 

= 

- (Xl  x Y3 

- X3  x Yl)/D 

(4.131) 

C33 

= 

(Xl  X Y2 

- X2  x Yl)/D 

(4.132) 

and 


D = XI  Y2  Z3  + Y1  Z2  X3  + Z1  Y3  X2 

(4.133) 

- X3  Y2  Z1  - X2  Y1  Z3  - Xl  Z2  Y3 

The  subroutine  PLANI  occupies  lines  23400  through  23480  of 
the  main  program  DIFFMAG.  Since  the  logic  is  a straightforward 
solution  of  Equations  4.114  through  4.133,  no  flow  chart  is  pre- 
sented. The  only  thing  not  straightforward  about  the  subroutine 
is  lines  23460  and  23480.  If  the  plane  is  passed  through  the 
origin,  x=Y=Z=0,  the  denominator  of  tlie  matrix  is  singular  and 
error  messages  would  be  generated  by  the  computer.  To  preclude 
these,  the  three  factors  of  the  equation  of  the  plane  are  arbi- 
trarily set  equal  to. 1000  if  the  absolute  value  of  the  denomina- 
tor is  less  than  10“  . 

4. 6. 5. 2 INCEPT.  After  the  factors  defining  the  equation  of  the 
plane  have  been  determined  in  PLANI,  those  factors  are  then  used 
in  the  subroutine  INCEPT,  which  determines  where  that  plane  in- 
tercepts the  filament. 
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Let  the  starting  and  end  points  of  a filament  be  given  by 
(XI,  Yl,  Zl)  and  (X2,  Y2,  Z2) , respectively.  The  general  equa- 
tion of  a line  in  space  may  be  given  as 


(X  - XI) 
(X2  - XI) 

= 

(Y  - Yl) 

(Y2  - Yl) 

(Z  - 
(Z2  - 

Zl) 

Zl) 

(4.134) 

This  may 

be  put  into  the 

following  three 

forms. 

(X 

- XI)  (Y2  - Yl) 

= 

(Y  - Yl)  (X2 

- XI) 

(4.135) 

(Y 

- Yl)  (Z2  - Zl) 

= 

(Z  - Zl)  (Y2 

- Yl) 

(4.136) 

(X 

- XI)  (Z2  - Zl) 

(Z  - Zl)  (X2 

- XI) 

(4.137) 

These  may  in  turn 

be 

put  into  the  form 

A21  x + 

A22  Y + A23  Z 

= 

02 

(4.138) 

A31  X + 

A32  Y + A33  Z 

= 

D3 

(4.139) 

A41  X + 

A42  Y + A43  Z 

= 

D4 

(4.140) 

where 

A21 

(Y2  - Yl) 

(4.141) 

A22 

= 

- (X2  - XI) 

(4.142) 

A23 

= 

0 

(4.143) 

A31 

= 

0 

(4.144) 

A32 

= 

(Z2  - Zl) 

(4.145) 

A33 

= 

- (Y2  - Yl) 

(4.146) 

A41 

3 

(Z2  - Zl) 

(4.147) 

A42 

= 

0 

(4.148) 

A43 

a 

- (X2  - XI) 

(4.149) 

D2 

* 

XI  (Y2  - Yl) 

- Yl 

(X2  - XI) 

(4.150) 
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D3 


Y1  (Z2  - Zl) 


Z1  (Y2  - Yl) 


(4.151) 


D4  = XI  (Z2  - Zl)  - Zl  (X2  - XI)  (4.152) 


In  general,  any  two  of  Equations  4.135  through  4.137,  will 
define  the  line  in  space.  In  some  cases  the  proper  two  must  be 
selected,  a point  that  will  be  touched  upon  later.  At  the  point 
of  intersection,  the  equations  defining  the  plane  and  the  line 
must  be  satisfied  simultaneously. 

Equation  4.114,  defining  the  plane,  and  Equations  4.13  through 
4.140,  defining  the  line,  may  be  put  in  the  matrix  form 


All 

A12 

All 

“x* 

1' 

A21 

A22 

A23 

X 

Y 

= 

D2 

A31 

A32 

A33_ 

_Z_ 

_D3_ 

n rxi  pi 

A X Y = D2 

L J L z J Ld3. 


(4.153) 


(4.154) 


Multiplying  by  the  inverse  of  the  A matrix 


x 

Y 

.ZJ 


[-]  ■["] 


(4.155) 


Designating  the  elements  of  the  inverse  matrix  as  Bll,  B12, 
B13,  etc. 


Bll 

B12 

B13 

B21 

B22 

B23 

B31 

B32 

B33 

1 

D2 

D3 


(4.156) 


hence 


X 

= Bll 

+ 

B12 

D2 

+ 

B13 

D3 

(4.157) 

Y 

= B21 

+ 

B22 

D2 

+ 

B23 

D3 

(4.158) 

Z 

= B31 

+ 

B32 

D2 

+ 

B33 

D3 

(4.159) 
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The  elements  of  the  inverse  matrix  are 


Bll 

= 

(A22  x A23  - 

A3 2 x A23)/D 

(4.160) 

B12 

= 

- (A12  x A33  - 

A32  x A13)/D 

(4.161) 

B13 

= 

(A12  x A23  - 

A22  x A13)/D 

(4.162) 

B21 

= 

- (A21  x A33  - 

A31  x A23)/D 

(4.163) 

B22 

= 

(All  x A33  - 

A31  x A13)/D 

(4.164) 

B23 

= 

- (All  x A23  - 

A21  x A13)/D 

(4.165) 

B31 

= 

(A21  x A32  - 

A31  x A22)/D 

(4.166) 

B32 

= 

- (All  x A32  - 

A31  x A12)/D 

(4.167) 

B33 

= 

(All  x A22  - 

A21  x A12)/D 

(4.168) 

where 

D = All  x A22  x A33  + A12  x A23  x A33  + A13  x A32  x A21 

- A31  x A22  x A13  - A21  x A12  x A33  - All  x A23  x A32 

Equation  4.153  was  based  upon  the  use  of  Equations  4.138  and 
4.139.  It  could  also  have  been  based  upon  a combination  of  Equa- 
tions 4.137  and  4.140  or  Equations  4.139  and  4.140.  Under  some 
conditions,  such  as  the  intercepting  plane  being  parallel  to  one 
fo  the  coordinate  axes,  one  or  the  other  combinations  of  the  equa- 
tions will  give  a denominator  which  is  singular.  This  can  be 
avoided  by  testing  for  singularities  and  using  the  combination 
of  the  equations  that  does  not  give  a singularity. 

Listings  of  the  subroutines  PLANI  and  INCEPT  are  shown  in 
Figures  4.68  and  4.69.  A flow  chart  of  INCEPT  is  shown  in  Figure 
4.70.  No  flow  chart  of  PLANI  is  shown  since  PLANI  consists  of 
only  a straightforward  evaluation  of  Equations  4.134  through  4.169. 
The  only  thing  that  might  be  confusing  about  INCEPT  is  the  selec- 
tion of  the  appropriate  equations  with  which  to  define  the  plane. 

In  line  22620,  the  quantity  TEST  is  defined  as  the  sum  of  the  ab- 
solute value  of  all  the  terms  that  make  up  the  denominator  func- 
tion D in  Equations  4.160  through  4.168.  If  TEST  is  very  small, 
that  fact  is  taken  as  signifying  that  the  equations  are  poorly 
formulated  and  a new  set  of  equations  chosen  such  that  TEST  is 
a reasonable  value.  If  no  formulation  of  equations  gives  a good 
value  for  TEST,  as  would  occur  if  a plane  were  passed  through  the 
origin  of  the  coordinate  axes,  then  the  intercept  value  area  will 
all  return  as  999.  An  intercept  value  of  999  has  no  physical 
significance  other  than  as  a warning  and  as  a means  of  insuring 
that  the  program  does  not  return  unintelligible  error  messages. 
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23400C  

23420  SUBROUTINE  PLAN  I ( X 1 » Y 1 » Z 1 » X2 » Y2 * Z2 » X3 » Y3 f Z3 » A 1 1 r A 1 2 » A1 3) 
23440  DEN0M=X1*Y2*Z3+Y1*Z2*X3+Z1*Y3*X2-X3*Y2*Z1-X2*Y1#Z3-X1*Z2*Y3 
23460  DEN0=ABS (DENOM) 

23480  IF (DENO.GT. 1E-4)G0T0  35659 
23500  A1 1 = 1000  5 A 12  = 1000  5 A 13= 1000 
23520  GOTO  35890 
23540  35659  CONTINUE 
23560  C11=Y2#Z3-Y3*Z2 
23580  C12=-(Y1*Z3-Y3*Z1) 

23600  C 1 3 = Y 1 *Z2- Y2#Z  1 
23620  C21=-(X2*Z3-X3*Z2) 

23640  C22=X1*Z3-X3*Z1 
23660  C23=  - (X1*Z2-X2»Z1 ) 

23680  C3 1 = X2*  Y3- X3* Y2 
23700  C32=-(X1*Y3-X3*Y1) 

23720  C33=X 1*Y2-X2*Y 1 
23740  A 1 1 = (C11+C12+C13) /BENOM 
23760  A 12= (C21+C22+C23) /BENOM 
23780  A 1 3= (C31  + C32  + C33) /BENOM 
23800  35890  CONTINUE 
23820  RETURNfEND 
23840  STOP; END 

Figure  4.68  Program  Listing  of  Subroutine  PLANI 
4.6.6  Subroutine  LOOP 

Figure  4.71  shows  a loop  defined  by  four  points  in  space, 

Pi  through  P4 , all  of  the  points  being  assumed  to  lie  in  the  in- 
dicated plane.  At  some  poirit,  PL,  within  this  loop  there  will 
be  a magnetic  flux  vector  H.  The  XYZ  components  of  this  vector 
may  be  determined  from  the  previous  equations.  The  component  of 
H that  is  normal  to  the  plane  is  that  part  parallel  to  the  normal 
vector,  N,  at  point  PL,  or 


H = H cos  a 
n 


(4.170) 


which  is  equivalent  in  vector  notation  to  the  dot  product 


H = H • nu  (4.171) 

n 

where  NU  is  the  unit  vector  normal  to  the  plane  defined  by  points 
Pi  through  P4 . 

Points  Pi,  P2,  and  P3  will  be  used  to  define  the  plane  in 
which  all  of  the  points  are  assumed  to  lie.  Two  vectors  that 
define  the  plane,  P1P2  and  P2P3,  are  then 
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22200C  

22220  SUBROUTINE  INCEPT ( A1 1 » A12 » A 1 3 » I , B r X I » Y I * ZI ) 

22240C 

22260C  IN  THIS  ROUTINE  THERE  MAY  BE  GENERATED  ERROR  MESSAGES  WHEN 
22280C  THERE  ARE  ONLY  TWO  CONDUCTORS  OR  SOME  OTHER  COMBINATION  OF 
22300C  PARAMETERS  GIVES  A SINGULAR  MATRIX  FOR  THE  A MATRIX 
22320C 

22340  DIMENSION  B(40,9) 

22360  D 1 = 1 

22380  AA21=D(I»6)-D(Ii3) 

22400  AA22=D  (I »2) -D( I » 5 ) 

22420  AA23=0 
22440  AA3 1=0 
22460  AA32=D ( I » 7) -D ( I i 4 ) 

22480  AA33=D(I»3)-D(I»6) 

22500  AA4 1 = D (I»7)-D(I»4) 

22520  AA42-0 

22540  AA43=D ( I » 2) -D(I»5) 

22560  AD2=D ( I >2) *AA21+D ( I ,3)*AA22 
22580  AD3=D(If3)*AA32-D(Ii4) *AA2 1 
22600  AD4=D ( I » 2 ) *AA4 1 +D ( I » 4 ) * AA43 

22620  TEST= ABS ( A1 1 ) +ABS ( A1 2 ) +ABS ( A1 3) +ABS ( AA2 1 ) +ABS ( AA22 ) +ABS ( AA32) + 
22640&  ABS (AA33) +AES ( AA41 ) +ABS ( AA43) 

22660  TEST1=ABS (TEST/ 1000) 

22680  A21=AA21 ! A22= AA22 i A23=AA23 
22700  A3 1 =AA31 5 A32  = AA32  J A33=AA33 
22720  D2= AD2 ! D3=AB3 

22740  DENOM=Al 1*A22*A33+A12*A23*A33+A13*A32*A21 
22760  BENON=DENOM- A31 *A22*A 1 3-A21 *A1 2*A33-A1 1 *A23*A32 
22780  IF ( ABS ( DENOM) >TEST1 ) GOTO  100 
22800  A31=AA41»A32=AA42JA33=AA43 
22820  D3=AD4 

22840  DEN0M=A11*A22*A33+A12*A23*A33+A13*A32*A21-A31*A22*A13- 
22860&A21*A12*A31  - A1 1*A23*A32 
22880  IF  (ABS(DENOM) >TEST1 ) GOTO  100 
22900  A21=AA3i;A22=AA32JA23=AA33 


Figure  4.69  Program  Listing  of  Subroutine  INCEPT 
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22920  D2=AD3 

22940  BEN0M=A1 1*A22*A33+A12*A23*A33+A13*A23*A32- 

22960&  A31*A22*A13-A21*A12*A33-A1 1*A23*A32 

22980  IF <ABS<DEN0M1< TEST  1 ) GOTO  140 

23000  100  CONTINUE 

23020  B 1 1 = A22-*A33- A32*A23 

23040  B 1 2=- (A12*A33-A32*A13) 

23060  B13=A12*A23-A22*A13 
23080  B21=-(A21*A33-A31*A23) 

23100  B22=A1 1*A33-A31*A13 
23120  B23  = -(A11#A23-A2UA13) 

23140  B31 =A21*A32-A31*A22 
23160  B32  = - (A1 1 *A32-A31 *A1 2 > 

23180  B33=A11*A22-A21*A12 
23200  X I = B1 1 *B1 +B1 2*B2+B 1 3#B3 
23220  X I = X I /BENOM 
23240  YI=B21*D1+B22*D2+B23#D3 
23260  Y I = Y I /BENOM 
23280  ZI=B31*B1+B32*B2+B33*D3 
23300  ZI =ZI /BENOM 
23320  GOTO  130 

23340  140  XI  =999 »YI =9995 Z I =999 
23360  130  CONTINUE 
23380  RETURN 5 END 

Figure  4.69  Program  Listing  of  Subroutine  Incept-Concluded 


Enter 

with 


Line  22220 


Figure  4.70  Flow  Chart  of  Subroutine  INCEPT 


J 
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Reformulate  the  A and  D matrices  as 


All 
AA  31 
AA41 


A12 

A13 

AA32 

AA33 

AA42 

AA4  3 

1 

AD  3 
AD4 


Lines  22940-22960 


Evaluate  the  denominator 


DENOM 


Line  22980 


DENOM  .GT.  TEST1 


9 140 


Line  ?32'0  S 100 


ires  23000- 
-1  23330 


Arbitrarily  set 

XI=999 

YI=999 

ZI=999 


Invert  matrix  A and 
calculate  XI, YI  and 
ZI  from  formulas 


S 130 


Return  \ Lines  23360-23380 


Figure  4.70  Flow  Chart  of  Subroutine  INCEPT  - Concluded 


P1P2  = (XP2  - XPl) i + (YP2  - YPl) i + (ZP2  - ZPl)k 


(4.172) 


P2P3  = (XP3  - XP2) i + (YP3  - YP2)i  + (ZP3  - ZP2)k  (4.173) 


The  normal  to  the  plane  defined  by  these  vectors  is  given  by 
the  cross  product 


N = P1P2  x P2P3 


(4.174) 


which  in  matrix  notation  is 


N = (XP2  - XPl)  (YP2  - YPl)  (ZP2  - ZP1) 
(XP3  - XP2)  (YP3  - YP2)  ( ZP3  - ZP2) 


(4.175) 
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Y 


Figure  4.71  Flux  Linking  an  Arbitrary  Four  Sided  Loop 
or 


1 

j 

k 

X21 

Y21 

Z21 

X32 

Y32 

Z32 

(4.176) 


where  X21,  Y21  . . . Z32  are  the  corresponding  quantities  in  Equa- 
tion 4.175.  Expanding  the  determinant  in  Equation  4.176  gives 


N = (Y21  Z32  - Y32  Z21)i 

- (X21  Z32  - Y32  Z21) j 
+ (X21  Y32  - X32  Y21)k 

The  unit  vector  normal  to  the  plane  will  be 


(4.177) 


NU  = NUX  i + NUY  j + NUZ  k 


(4.178) 


where 
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NUX  = (Y2I  Z32  - 

\ 

Y32  Z21)/KU 

(4.179) 

NUY  = (X21  Z32  - 

X32  Z21)/NU 

(4.180) 

NUZ  = (X21  Y32  - 

X32  Y21)/NU 

(4.181) 

NU2  = (Y21  Z32  - Y32  Z21)2  + (X21  Z32 

- X32  Z21) 2 

+ (X21  Y32  - X32  Y21)2 

(4.182) 

The  total  magnetic  flux  normal  to  the  loop  is  determined  by 
a numerical  integration  process.  The  process  is  shown  in  Figure 
4.72.  The  plane  is  divided  vertically  and  horizontally  into  six 
equally  spaced  strips.  For  this  discussion,  "vertical"  will  mean 
the  direction  of  point  1 to  point  2 or  point  4 to  point  3,  and 
"horizontal"  will  mean  the  direction  of  point  Pi  to  point  P4  or 
Point  P2  to  point  P3. 


N2  increasing 


Figure  4.72  Integration  Techniques  for  Flux  in  a Plane 

The  6 strips  define  7 lines  vertically,  the  intersections 
of  which  define  49  points  (7  x 7),  of  which  point  PL  (5,3)  is 
shown.  The  flux  density  at  each  point  is  evaluated  and  then  in- 
tegrated numerically  along  each  of  the  vertical  strips.  The  re- 
sultant 7 values  are  integrated  horizontally  to  obtain  the  total 
magnetic  flux  linking  the  plane.  The  integration  process  used 
is  called  Weddle's  rule  (Reference  4.13)  and  is  based  on  fitting 
a sixth  order  polynomial  to  the  array  of  points  and  then  integ- 
rating the  resultant  polynomial.  The  result  is 

I H • AX  = AX  (Hl  + 5H2  + H3  + 6H4  + H5  + 5H&  + H?>  (4.103) 


A listing  of  subroutine  LOOP  is  given  on  Figure  4.73,  and 
a flow  chart  given  on  Figure  4.74. 
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20280C  

20300  SUBROUTINE  LOOP ( FLAG  1 » Df RCURDI S » CURD I S » AREA rBTOT ) 

20320  COMMON  PX 1 » P Y 1 > PZ 1 r PX2 , PY2 » PZ2 ,PX3 » P Y3 > PZ3 » PX4 i PY4 , PZ4 » N 1 
20340  DIMENSION  HN(7>7) 

20360  DIMENSION  T86A(7) 

20380  DIMENSION  PAT HA ( 7 ) 

20400  REAL  NU1 » NU2 > NU3 r NU » NUX , NU Y , NUZ 

20420  REAL  NU1 1 NU2  t NU3 » NU  »NUX  » NU Y r NUZ 

20440C  THESE  ARE  THE  SIDES  OF  THE  Qir  BILATERAL 

20460  X2 1 =PX2-F‘X  1 

20480  X32=PX3-PX2 

20500  X43=PX4-PX3 

20520  X14  = PX1-F'X4 

20540  Y21=PY2-PY1 

20560  Y32=P Y3-PY2 

20580  Y 43=P Y4-P Y3 

20600  Y14=PY1-PY4 

20620  Z21=PZ2-PZ1 

20640  Z32=PZ3-PZ2 

20660  Z43=PZ4 -PZ3 

20680  Z 1 4=PZ 1 -PZ4 

20700C  THIS  IS  A DIAGONAL  OF  THE  QUADRILATERAL 
20720  X31  =PX3-F'X  1 
20740  Y31 =PY3-PY 1 
20760  Z31 =PZ3-PZ 1 

20780  T21=SQRT(X21*X21+Y21*Y21+Z21*Z21 ) 

20800  T32=3GRT ( X32*X32+ Y32* Y32+Z32*Z32 ) 

20820  T43=SQRT (X43*X43+Y43#Y43+Z43*Z43> 

20840  T14=SQRT(X14*X14+Y14*Y14+Z14*Z14) 

20860  T31=SQRT(X3UX31  + Y3i*Y31+Z31*Z31 ) 

20880  Sl= (T21+T32+T31) /2 

20900  A1=SGRT(S1*<S1-T21)*(S1-T32)*($1-T31) ) 

20920  S2= (T43+T 14+T31 ) /2 

20940  A2  = SGRT (S2* ( S2-T43 ) * < S2-T 1 4 ) * ( S2-T31 ) ) 

20960  AREA-A1 +A2 

20980C  THESE  ARE  THE  MIDPOINTS  OF  THE  ENDS  OF  THE  QUADRILATERAL 

21000  XPM1=PX 1+X21 /2 

21020  YPM1 =PYl+Y21/2 

21040  ZPMl=PZl+Z21/2 

21060  XPM2"F‘X4-X43/2 

21080  YPM2  = PY 4- Y43/ 2 

21100  ZPM2=PZ4-Z43/2 

21120  XPM21=XPM2-XPM1 

21140  YPM21= YPM2-YPM1 

21160  ZPM21=ZPM2-ZPM1 

21180  TPM=SQRT(XPM21*XPM21+YPM21*YPM21+ZPM21*ZPM21) 

21200C  THESE  ARE  THE  COMPONENTS  OF  THE  NORMAL  VECTOR 

21220  NU1=Y21*Z32-Y32*Z21 

21240  NU2=-X21*Z32+X32#Z21 

21260  NU3=X21*Y32-X32*Y21 

21280  NU=SGRT(NU1*NU1+NU2*NU2+NU3*NU3) 

21300C  THESE  ARE  THE  COMPONONENTS  OF  THE  UNIT  NORMAL  VECTOR 


Figure  4.73 


Program  Listing  of  Subroutine  LOOP 


21320  NUX  =NU  1 /Nil 
21340  NUY  =NU2/NU 
21360  NUZ=NU3/NU 
21380  3550  CONTINUE 
21400  3560  DO  3880  N2=l»7»l 
21420  3570  DO  3880  N4=l»7»l 
21440  XP6=PX2+X32*(N2-1) /6 
21460  YP6=PY2+Y32*<N2-l)/6 
21480  ZP6=PZ2+Z32*(N2-l)/6 
21500  XP8=PX1-X14*(N2-1) /6 
21520  YP8=PY1-Y14# (N2-1) /6 
21540  ZP8=PZl-Z14*(N2-l)/6 
21560  X86=XP8- XP6 
21580  Y86=YP8-YP6 
21600  Z86=2P8- ZP6 

21620  T86=SGRT (X86*X36+Y86*Y86+Z86*Z86) 

21640  XP=XP8-X86#(N4-i)/6 
21660  YP=YP8-Y86*(N4-l)/6 
21680  ZP=ZP8-Z86#(N4-l)/6 

21700  CALL  F ILSUM ( FLAG  1 » N 1 » XP  » YP  ? ZP  » D » RCURDIS » CURDIS»HXO?HYO»HZO) 
21720  HNP=HXO*NUX+HYO*NUY+HZO*NUZ 

21740C  THESE  ARE  THE  HN’S  AT  THE  VARIOUS  POINTS  OF  THE  QUADRILATERAL 
21760  HN (N4  »N2) =HNP 

21780C  THESE  ARE  THE  DISTANCES  TOP  TO  BOTTOM  ALONG  THE  QUADRILATERAL 

21800  TS6A  <N2) =T86 

21820  3880  CONTINUE 

21840  3890  DO3950  NZ= 1 » 7 » 1 

21860  DELTAl=T86A(N2)/6 

21880C  THIS  EVALUATES  FLUX  ALONG  THE  LINES  IN  THE  DIRECTION  P 1 - - >P2 
21900C  AND  P4- - >P3 

21920  PATH=HN (1 »N2) +5#HN (2 »N2) +HN (3 »N2) +6#HN (4 . N2) +HN(5»N2) 

21940&  +5*HN (6  » N2 ) +HN ( 7 » N2 ) 

21960  PATHA (N2) =0 . 3*DELTA1 *PATH 
21980  3950  CONTINUE 
22000  DELTA2=TPM/6 

22020C  THIS  EVALUATES  THE  RESULTANT  FLUX  IN  THE  DIRECTION  P1-->P4 
22040C  AND  P2- - >P3 

22060  120  FORMAT  ( " LEAVING  INCEPT ") 

22080  HTOT -PATHA  ( 1 ) +5*PATHA  ( 2)  +PATHA  (3)  +6*F’ATHA  ( 4)  +PATHA  (5) 

22100&  +5*PATHA ( 6 ) +PATHA ( 7 > 

22120  HTOT=0.3*DELTA2*HTOT 
22140  BTOT=HTOThH  .25663706E-6 
22160  JX=JX+1 
22180  RETURN5END 


Figure  4.73  Program  Listing  of  Subroutine  LOOP  - Concluded 
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Lines  20300-20320 


Lines  20440-20860 


Lines  20880-20960 


Lines  21000-21180 


Lines  21200-21360 


Lines  21440-21680 


Figure  4.74  Flow  Chart  of  Subroutine  LOOP 


266 


Figure  4.74  Flow  Chart  of  Subroutine  LOOP  - Continued 
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Lines  21880- 
21960 


Line  21960 


Implied  in 
DO  loop  at 
S 3890 
Line  21840 


Lines  22000-22120 


Line  22140 


Figure  4.74  Flow  Chart  of  Subroutine  LOOP  - Concluded 


In  lines  20300  through  20320,  the  X,  Y,  and  Z coordinates 
of  the  points  which  define  the  loop  are  used. 

In  lines  20440  through  20960  the  lengths  of  the  sides  and 
diagonals  of  the  quadrilateral  loop  are  calculated.  From  these 
dimensions  the  area  of  the  loop  is  determined. 

In  lines  21000  through  21180,  the  distance  horizontally  across 
the  loop  at  its  midpoint  is  calculated.  "Horizontally"  is  here 
taken  to  be  the  direction  from  point  P2  to  point  P3  or  from  point 
PI  to  point  P4.  The  term  "vertically"  is  taken  to  be  in  the  di- 
rection from  point  PI  to  point  P2  or  point  P4  to  point  P3 . In 
this  sense  these  terms  have  no  relation  as  to  whether  the  loop 
itself  is  oriented  horizontally  or  vertically  with  respect  to  the 
reference  XYZ  axes. 

In  lines  21200  through  21360,  the  components  of  the  unit  vec- 
tor are  calculated  perpendicular  to  the  plane  defined  by  the  loop 
under  consideration.  Mathematically,  this  operation  consists  of 
taking  two  vectors  that  line  in  the  planes  point  1 - point  2,  and 
point  2 - point  3,  and  in  taking  the  cross-product  of  these  two 
vectors. 

Next,  the  quadrilateral  is  divided  into  six  strips  vertically 
and  six  strips  horizontally;  the  field  strength  is  calculated  at 
the  intersection  of  each  of  the  dividing  lines.  This  makes  a 
total  of  49  points.  This  field  strength  is  calculated  by  a call 
to  the  subroutine  FILSUM.  FILSUM  returns  the  X,  Y,  and  Z compo- 
nents of  field  strength  with  reference  to  the  original  reference 
axes. 

In  line  21720,  a dot  product  of  the  field  strength  vector 
and  the  unit  vector  normal  to  the  plane  are  performed  in  order 
to  determine  the  component  of  the  magnetic  field  perpendicular 
to  the  loop  under  consideration.  The  field  strengths  are  loaded 
into  an  array,  HN,  at  line  21760.  The  vertical  distances  along 
each  of  the  thirteen  strips  are  loaded  into  an  array  T86  at  line 
21800. 

In  lines  21920  and  21940,  line  integrals  of  the  magnetic 
field  strength  are  taken  along  each  of  the  seven  vertical  paths. 
This  integral  is  evaluated  numerically  by  dividing  the  vertical 
strip  into  seven  points.  The  integration  routine  used  is  Weddel's 
rule,  which  was  described  earlier.  These  line  integrals  are  stored 
in  the  array  PATHA.  The  seven  line  integrals  are  then  integrated 
horizontally  to  obtain  the  total  magnetic  field  linking  the  plane. 
The  double  integral  of  H is  taken  in  line  22080  and  then  multi- 
plied by  the  permeability  of  air  to  obtain  the  total  magnetic  flux 
in  webers.  This  latter  multiplication  is  taken  at  line  22140. 


269 


In  lines  20300  through  20320,  the  X,  Y,  and  Z coordinates 
of  the  points  which  define  the  loop  are  used. 

In  lines  20440  through  20960  the  lengths  of  the  sides  and 
diagonals  of  the  quadrilateral  loop  are  calculated.  From  these 
dimensions  the  area  of  the  loop  is  determined. 

In  lines  21000  through  21180,  the  distance  horizontally  across 
the  loop  at  its  midpoint  is  calculated.  "Horizontally"  is  here 
taken  to  be  the  direction  from  point  P2  to  point  P3  or  from  point 
PI  to  point  P4 . The  term  "vertically"  is  taken  to  be  in  the  di- 
rection from  point  Pi  to  point  P2  or  point  P4  to  point  P3.  In 
this  sense  these  terms  have  no  relation  as  to  whether  the  loop 
itself  is  oriented  horizontally  or  vertically  with  respect  to  the 
reference  XYZ  axes. 

In  lines  21200  through  21360,  the  components  of  the  unit  vec- 
tor are  calculated  perpendicular  to  the  plane  defined  by  the  loop 
under  consideration.  Mathematically,  this  operation  consists  of 
taking  two  vectors  that  line  in  the  planes  point  1 - point  2,  and 
point  2 - point  3,  and  in  taking  the  cross-product  of  these  two 
vectors . 

Next,  the  quadrilateral  is  divided  into  six  strips  vertically 
and  six  strips  horizontally;  the  field  strength  is  calculated  at 
the  intersection  of  each  of  the  dividing  lines.  This  makes  a 
total  of  49  points.  This  field  strength  is  calculated  by  a call 
to  the  subroutine  FILSUM.  FILSUM  returns  the  X,  Y,  and  Z compo- 
nents of  field  strength  with  reference  to  the  original  reference 
axes. 


In  line  21720,  a dot  product  of  the  field  strength  vector 
and  the  unit  vector  normal  to  the  plane  are  performed  in  order 
to  determine  the  component  of  the  magnetic  field  perpendicular 
to  the  loop  under  consideration.  The  field  strengths  are  loaded 
into  an  array,  HN,  at  line  21760.  The  vertical  distances  along 
each  of  the  thirteen  strips  are  loaded  into  an  array  T86  at  line 
21800. 

In  lines  21920  and  21940,  line  integrals  of  the  magnetic 
field  strength  are  taken  along  each  of  the  seven  vertical  paths. 
This  integral  is  evaluated  numerically  by  dividing  the  vertical 
strip  into  seven  points.  The  integration  routine  used  is  Weddel's 
rule,  which  was  described  earlier.  These  line  integrals  are  stored 
in  the  array  PATHA.  The  seven  line  integrals  are  then  integrated 
horizontally  to  obtain  the  total  magnetic  field  linking  the  plane. 
The  double  integral  of  H is  taken  in  line  22080  and  then  multi- 
plied by  the  permeability  of  air  to  obtain  the  total  magnetic  flux 
in  webers.  This  latter  multiplication  is  taken  at  line  22140. 


4.7  USAGE  OF  DIFFMAG 

4.7.1  Geometry  Chosen  for  Analysis 

As  an  illustration  of  what  DIFFMAG  does,  consider  Figure  4.75. 

A wing-shaped  structure  has  an  elliptical  cross  section  of  dimen- 
sions 1.0  m at  one  end  by  0.2  m at  one  end,  and  twice  those  dimen- 
sions at  the  other  end.  It  is  6 m long.  The  structure  is  repre- 
sented by  32  conductors  arranged  at  approximately  equal  intervals 
around  the  periphery.  The  locations  of  the  conductors  are  illus- 
trated in  Figure  4.76.  The  locations  at  the  ends  are  described 
by  the  user.  The  locations  at  Z = 2 are  calculated  by  DIFFMAG. 

Those  locations  are  determined  by  the  intersection  of  the  conduc- 
tors with  imaginary  planes  that  are  specified  by  the  user,  a typical 
plane  being  shown  in  Figure  4.75.  Within  the  structure  are  two 
loops,  one  horizontal  and  one  vertical,  through  which  the  magnetic 
flux  that  passes  is  to  be  determined.  These  loops  are  illustrated 
in  Figure  4.77.  It  is  also  desired  to  calculate  the  magnetic  field 
at  various  points,  the  locations  of  which  will  be  illustrated 
shortly. 


Y 


Figure  4.75  Illustrative  Geometry 

4.7.2  Example  of  DIFFMAG  Output 

The  data  file  that  was  used  to  initiate  the  running  of  DIFFMAG 
is  shown  in  Figures  4.78  and  4.79. 
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Figure  4.76  Conductor  Locations 

(a)  Z = 6 

(b)  Z = 2 

(c)  Z = 0 

The  first  lines  of  output  are  shown  in  Figure  4.80.  They 
confirm  that  the  analysis  deals  with  32  conductors,  the  locations 
of  which  are  described  in  meter  units. 

In  the  data  file,  line  25  gives  the  value  of  I OF LAG 2 as  1. 
This  control  character  initiates  the  printing  of  the  data  that 
describes  the  locations  of  the  conductors.  That  data  is  shown  in 
Figures  4.81  and  4.82.  The  program  then  prints  the  length  and 
diameter  of  the  conductors,  as  shown  in  Figure  4.83.  These  cal- 
culated data  are  valuable  primarily  as  a means  of  checking  on 
the  correctness  of  the  input  data  used  to  describe  the  conductors. 
Generally,  the  length  of  the  conductors  should  be  equal  to,  or  at 
least  follow,  a smooth  progression.  Unusual  jumps  in  the  length 
of  conductors  usually  indicate  that  one  of  the  start  or  end  points 
of  the  conductors  was  described  incorrectly.  This  can  be  verified 
by  checking  the  appropriate  lines  of  input  data  given  in  Figures 
4.78  and  4.79.  Another  set  of  data  that  can  be  used  to  help  check 
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Point  3 


Figure  4.77  Loops  Contained  Within  Structure 


whether  the  data  is  correct  is  given  in  Figure  4.84.  The  dis- 
tances between  the  conductors  at  their  end  points  should  also  nor- 
mally follow  a smooth  path. 

The  most  important  type  of  output  data  is  that  which  tells 
how  the  current  divides  among  the  various  conductors.  That  data 
is  given  in  Figure  4.85.  The  program  calculates  the  current  as 
controlled  by  the  inductances  of  the  conductors  and  then  as  de- 
termined by  the  resistances  of  the  conductors.  The  printing  of 
that  data  would  have  been  suppressed  if  the  control  character  on 
line  1020  of  the  input  file  had  been  a "0"  instead  of  a "1. " 

The  input  data  describes  two  planes  along  which  the  path  of 
intersection  of  the  conductors  was  to  be  determined.  One  of  those 
planes  was  shown  in  Figure  4.75  and  the  other  was  parallel  to  that 
one,  but  located  at  Z = 4 m.  The  calculated  points  of  interception 
are  shown  in  Figures  4.86  and  4.87.  The  program  first  prints  the 
points  that  were  used  to  describe  the  plane  and  then  prints  the 
points  of  intersection  of  the  conductors  with  that  plane.  The 
distance  between  the  points  of  intersection  and  the  average  tan- 
gential magnetic  field  between  those  points  are  also  printed. 
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Figure  4.78  Input  Data  for  Illustrative  Example 
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Figure  4.79  Input  Data  for  Illustrative  Example  (Conclusion) 

##***»  *#•»**#*#####*#  »#*****#**•»  #***■**#*#** 

THIS  ANALYSIS  DEALS  WITH  32  CONDUCTORS 

THE  FACTOR  F RELATING  TO  DIMENSIONS  IS  0.100E  01 

(Dimensions  are  in  meters) 
##*#*#***#•#  ##*##*##*•»  a*#**#*#****##****#** 

Figure  1.80  First  Lines  of  Output  Data 
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THE  FOLLOWING  DATA  GIVES  THE  COORDINATES  THAT 
DEFINE  THE  START  AND  END  POINTS 


CONDUCTOR  X Y 2 


1 

START 

0 . 

0.1 00E  00 

0. 

1 

END 

0. 

0.200E  00 

0.&00E 

01 

2 

START 

0.&50E- 

-01 

0 . 992E-0 1 

0. 

2 

END 

0. 130E 

00 

0. 198E  00 

0.&00E 

01 

3 

START 

0. 130E 

00 

0. 9&6E-01 

0. 

3 

END 

0.260E 

00 

0. 193E  00 

0.600E 

01 

4 

START 

0 . 1 9 6 E 

00 

0 . 920E-0 1 

0. 

4 

END 

0.392E 

00 

0.184E  00 

0.600E 

01 

5 

START 

0.261E 

00 

0 . 853E ~01 

0. 

5 

END 

0.522E 

00 

0. 1 71E  00 

0.600E 

01 

6 

START 

0.325E 

00 

0 . 7&0E-0 1 

0. 

6 

END 

0.650E 

00 

0. 152E  00 

0 . &00E 

01 

7 

START 

0.390E 

00 

0.626E-01 

0. 

7 

END 

0.780E 

00 

0.1 25E  00 

0.&00E 

01 

s 

START 

0.451E 

00 

0 . 432E-0 1 

0. 
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END 

0.902E 

00 

0 . 864E-0 1 

0.600E 

01 
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START 

0.500E 

00 

0. 

0. 

9 

END 

0. 100E 

01 

0. 
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01 
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0.451E 
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-0 . 432E-01 
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END 

0.902E 
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-0. 626E-01 

0. 

11 

END 
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0. 196E 
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0. 130E 

00 

-0.9&6E-01 

0. 

15 

END 

0.260E 

00 

-0.193E  00 

0.600E 

01 

Figure  4.81  Conductor  Locations 
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16 
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Figure  4.82  Conductor  Locations  (Conclusion) 
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*******  *•**■*  **■**•*#*#*  ********** * * * * * ******* 


THE  FOLLOWING  DATA  DESCRIBES  THE  LENGTH  AND 
DIAMETER  OF  THE  CONDUCTORS 


a***************************************** 


DIAMETER 
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Figure  4.83 
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Length  and  Diameter  of  Conductors 
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a##*###**#*#*##*#*#*-#***##*###*#*####*##*# 


THE  FOLLOWING  DATA  GIVES  THE  DISTANCES  BETWEEN 
THE  ENDS  OF  THE  FILAMENTS 

•a##*#****#*  *•*#*#***■* -a******-*****#********* 


I 

TO  J 

START 

END 

L, 

1 

0 . 65006E -0 1 

0. 1300  IE 

00 

3 

2 

0.65052E-01 

0. 13010E 

00 

4 

0. 661 57E-01 

0.  13231E 

00 

5 

4 

0 . 65344E-0 1 

0. 13069E 

00 

6 

5 

0.64672E-01 

0 . 1 2934 E 

00 

7 

6 

0.66367E-01 

0. 13273E 

00 

S 

7 

0 .6401  IE-01 

0. 12802E 

00 

9 

8 

0.65324E-01 

0. 13065E 

00 

10 

9 

0 . 65324E-01 

0.  13065E 

00 

11 

10 

0.6401  IE -01 

0.  12802E 

00 

1Z 

11 

0 . 66367E-0 1 

0. 13273E 

00 

13 

12 

0 . 64672E-01 

0.  12934E 

00 

14 

13 

0 . 65344E-0 1 

0. 13069E 

00 

15 

14 

0.66157E-01 

0. 1323  IE 

00 

16 

15 

0.65052E-01 

0.  13010E 

00 

17 

16 

0 . 65006E -0 1 

0. 1300 IE 

00 

18 

17 

0.65006E-01 

0. 1300  IE 

00 

19 

18 

0.65052E-01 

0.  13010E 

00 

20 

19 

0 . 66 1 57E-0 1 

0. 13231E 

00 

21 

20 

0.65344E-01 

0 . 1 3069E 

00 

<1  c 

21 

0.64672E-01 

0. 12934E 

00 

L J 

22 

0 . 66367E -0 1 

0. 13273E 

00 

24 

23 

0.6401  IE-01 

0. 12802E 

00 

25 

24 

0. 65324E -01 

0.  1 3065E 

00 

26 

C 

L.  •_» 

0 . 65324E-0 1 

0.  13065E 

00 

27 

26 

0.6401  IE-01 

0. 12802E 

00 

28 

27 

0.66367E-01 

0.  13273E 

00 

29 

28 

0 . 64672E -0 1 

0. 12934E 

00 

30 

29 

0.65344E-01 

0. 13069E 

00 

31 

30 

0.66157E-01 

0.  1323  IE 

00 

32 

31 

0 . 65052E-0 1 

0. 13010E 

00 

Figure  4.84  Distances  Between  Ends  of  Conductors 
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ft***************************************** 


THE  TOTAL  CURRENT  IS  0.100E  04  AMPERES 

***«*»#4*#i***»*#*#»*#***»***#tt***##»#*** 


a******************  #•********##.****#***##.** 

THE  FOLLOWING  DATA  TELLS  HOW  THE  CURRENT  DIVIDES 


CONDUCTOR 

MAG  I 

RES  I 

1 

0.230E 

02 

0.313E 

02 

2 

0.231E 

02 

0.313E 

02 

3 

0.238E 

02 

0.313E 

02 

4 

0.248E 

02 

0.313E 

02 

5 

0.2S4E 

02 

0.313E 

02 

6 

0.291E 

02 

0.312E 

02 

7 

0.34  IE 

02 

0.312E 

02 

8 

0.424E 

02 

0.312E 

02 

9 

0.&95E 

02 

0.312E 

02 

10 

0.424E 

02 

0.312E 

02 

1 1 

0.341E 

02 

0.312E 

02 

12 

0.291E 

02 

0.312E 

02 

13 

0.264E 

02 

0.313E 

02 

14 

0.248E 

02 

0.313E 

02 

15 

0.238E 

02 

0.313E 

02 

IS 

0.231E 

02 

0 . 3 1 3E 

02 

17 

0.230E 

02 

0.313E 

02 

18 

0.23  IE 

02 

0.313E 

02 

19 

0 . 238E 

02 

0.313E 

02 

20 

0.248E 

02 

0.313E 

02 

21 

0.2S4E 

02 

0.313E 

02 

22 

0.291E 

02 

0.312E 

02 

23 

0.34  IE 

02 

0.312E 

02 

24 

0.424E 

02 

0.312E 

02 

25 

0.695E 

02 

0.312E 

02 

26 

0.424E 

02 

0.312E 

02 

27 

0.341E 

02 

0.312E 

02 

28 

0.291E 

02 

0.312E 

02 

29 

0.264E 

02 

0.313E 

02 

30 

0.248E 

02 

0.313E 

02 

31 

0.238E 

02 

0.313E 

02 

32 

0.231E 

02 

0.313E 

02 

Figure  4.85  Total  Current  and  How  it  Divides 

MAG  I = Magnetic  distribution 
RES  I = Resistive  distribution 
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On  any  given  line,  the  spacing  (DELTA  S)  and  the  average  tangential 
field  (DELTA  H)  refer  to  that  conductor  and  the  conductor  below  it. 
For  example,  the  spacing  between  Conductors  3 and  4 is  0.882E-1  m, 
and  that  value  is  listed  on  the  line  opposite  Conductor  3.  The 
spacing  between  Conductors  32  and  1 is  0.867E-1  m,  and  that  value 
is  given  opposite  Conductor  32. 

The  magnetic  fields  over  a volume  are  presented  in  Figures 
4.88  and  4.89.  The  points  used  to  define  the  volume  are  shown  on 
the  top  of  Figure  4.88.  The  data  indicate  that  the  field  calcu- 
lations should  be  made  starting  at  Z = 2 , ending  at  Z = 2 , and 
made  in  increments  of  2 m.  This  is  the  format  with  which  one 
would  call  for  calculations  to  be  made  at  Z = 2 m only.  Along 
the  Y axis,  the  calculations  are  to  be  made  at  Y = 0,  Y = 0.25  and 
Y = 0.5  m.  Along  the  X axis,  they  are  to  be  made  from  X = 0 to 

X = 0.3  m,  and  to  be  made  in  increments  of  0.05  m over  that  inter- 

val. At  each  point  in  Figures  4.88  and  4.89,  the  first  line  of 
data  gives  the  field  intensity  as  determined  by  the  magnetic  dis- 
tribution of  current,  and  the  second  line  gives  it  as  determined 
by  the  resistive  distribution.  ' 

Figure  4.90  gives  the  field  intensities  at  several  discrete 
points.  For  both  sets  of  data,  the  control  characters  (ID4  and 

D6)  were  1,  which  specifies  that  the  field  intensities  were  to 

be  presented  in  rectangular  coordinates. 

Figure  4.91  shows,  for  half  of  the  structure  at  Z = 2 m,  the 
distribution  of  current  and  the  magnetic  fields  as  determined  by 
the  inductances  of  the  conductors.  The  arrows  show  the  direction 
and  strength  of  the  magnetic  fields  internal  and  external  to  the 
structure.  The  internal  fields  are  too  small  to  show  clearly  on 
this  scale,  and,  in  any  case,  are  only  the  residual  fields  that 
are  calculated  when  a distributed  structure  is  approximated  by  a 
finite  number  of  conductors.  In  all  cases,  the  external  fields 
are  oriented  tangentially  to  the  structure.  Figure  4.92  shows 
the  corresponding  data  when  the  current  in  the  conductors  is  con- 
trolled by  resistance.  While  it  is  difficult  to  see  on  this  fig- 
ure, the  orientation  of  the  external  field  changes  slightly  so 
that  some  of  the  field  lines  penetrate  the  structure,  giving  rise 
to  the  internal  field  pattern  shown.  Since  the  structure  is  sym- 
metrical around  its  center,  the  field  vanishes  at  X = 0 and  Y = 0. 
At  other  points  the  field  is  bowed  away  from  the  center. 

Figure  4.93  gives  the  total  flux  passing  through  the  two 
loops  illustrated  in  Figure  4.77. 

Figures  4.94  and  4.95  show  the  form  of  the  calculations 
when  the  field  intensity  is  calculated  in  polar  coordinates.  Fig- 
ures 4.96  and  4.97  show  the  same  data  when  only  the  initial  and 
final  magnitudes  of  the  field  are  presented. 
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Figure  4.86  Intercept  Calculations  for  Z = 2 m 
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Figure  4.87  Intercept  Calculations  for  Z = 4 m 
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(Field  intensities  will  be  calculated  over  a volume) 
(Data  will  be  presented  in  rectangular  coordinates) 
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Figure  4.88  Field  Intensities  Over  a Volume 

(The  first  line  gives  the  field  due 
to  the  magnetic  distribution  and 
the  second  line  gives  the  field  due 
to  the  resistive  distribution) 
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Figure  4.89  Field  Intensities  Over  a Volume  (Conclusion) 
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(Calculations  will  be  made  at  discrete  points) 
(Data  will  be  given  in  rectangular  coordinates) 
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Figure  4.90  Field  Intensities  at  Discrete  Points 
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Figure  4.91  Field  Patterns  as  Determined  by  Magnetic  Distribu- 
tion of  Current 
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Field  Patterns  as  Determined  by  Resistive  Distribu- 
tion of  Current 
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Figure  4.93  Loop  Calculations 
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****************************************** 

(Data  will  be  presented 

ID3=  1 AND  ID4=  2!  in  polar  coordinates) 
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Figure  4.94  Data  Format  When  Field  Intensity  is  Resolved  Into 
Polar  Coordinates 
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Figure  4.95  Data  Format  When  Field  Intensity  is  Re- 
solved Into  Polar  Coordinates  (Conclusion) 
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Figure  4.96  Data  Format  When  Only  Initial  and  Final  Magnitudes 
of  Field  Intensity  are  Presented 

(Data  for  X = 0.25  and  X = 0.30  not  shown) 
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Figure  4.97  Data  Format  When  Only  Initial  and  Final 
of  Field  Intensity  are  Presented 
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4.7.3  How  to  Use  the  Data 

Like  most  computer-generated  data,  the  data  generated  by 
DIFFMAG  requires  a certain  amount  of  interpretation  to  be  of  use. 
The  amount  of  interpretation  depends  upon  what  one  wishes  to  do 
with  the  data.  Broadly  speaking,  there  are  three  things  one  might 
wish  to  do  with  DIFFMAG:  (1)  determine  the  magnetic  field  within 
the  structure,  (2)  determine  the  voltage  between  a conductor  and 
ground,  and  (3)  determine  the  voltage  between  two  conductors. 

4. 7. 3.1  Magnetic  Field  Within  the  Structure 

As  explained  earlier,  the  magnetic  fields  within  the  struc- 
ture start  at  zero  amplitude  and  build  up  to  some  final  value 
determined  by  the  resistive  current  distribution.  The  magnitude 
of  that  final  field  is  given  by  the  data  of  which  Figures  4.88, 
4.89,  4.90,  4.94,  4.95,  4.96  and  4.97  are  examples.  The  rate  at 
which  the  field  builds  up  to  that  value  must  be  determined  by  the 
user.  As  explained  in  earlier  sections,  the  fields  build  up  to 
their  final  value  in  an  approximately  exponential  manner  with  a 
time  constant  that  is  called  the  redistribution  time  constant. 

That  redistribution  time  constant  was  earlier  (Equation  4.39) 
shown  to  be 


where 


y Aa 
P P 


(4.184) 


A = enclosed  area  of  structure 
P = peripheral  distance  around  structure 
a = skin  thickness 
y = permeability 
p = resistivity  of  the  material 

DIFFMAG,  in  the  routine  that  calculates  the  points  of  inter- 
ception of  the  conductors  with  a plane,  determines  the  peripheral 
distance  along  that  path.  It  also  supplies  the  coordinates  of 
the  intersection  points  from  which  the  user  can  plot  the  points 
of  intersection  and  then,  perhaps  by  graphical  means,  calculate 
the  enclosed  area.  As  an  example,  the  structure  shown  in  Fig- 
ure 4.75  has,  at  Z = 2 m,  an  enclosed  area  of  0.279  m2  and  a 
peripheral  distance  of  2.78  m.  If  we  were  to  assume  that  the 
structure,  of  which  Figure  4.75  is  an  outline,  was  made  from 
aluminum  of  conductivity  2.69  x 10“®  ft*m  and  had  a thickness  of 
0.050  in.  (1.27  x 10-^) , the  redistribution  time  constant  would 
be 


4.7. 3.2  Voltage  to  Ground  on  Conductors 

The  initial  build-up  of  flux  does  not  follow  an  exponential 
path.  Instead,  it  follows  a path  governed  by  the  pulse-penetra- 
tion time  constant  given  by  Equation  4.37.  When  one  discusses 
the  initial  rate  of  increase  of  the  flux,  one  is  generally  con- 
cerned with  the  voltage  that  the  changing  flux  can  induce  in  con- 
ductors, and  it  is  more  fruitful  to  discuss  the  rate  of  change 
of  magnetic  flux  than  it  is  to  discuss  the  magnetic  flux  itself. 
Indeed,  when  discussing  voltages  on  conductors,  it  is  possible 
to  skirt  almost  completely  the  issue  of  magnetic  flux  and  confine 
one's  attention  to  the  surface  current  density  calculated  by  the 
routine  that  gives  the  output  of  the  type  shown  in  Figures  4.86 
and  4.91. 


To  illustrate  this  point  further,  consider  Figure  4.98,  which 
shows  a cylinder  of  elliptical  cross  section  and  parallel  sides. 
For  purposes  of  illustration,  assume  the  major  and  minor  axes  to 
be  1.33  m and  0.266  m,  the  dimensions  of  the  flared  elliptical 
cylinder  (Figure  4.75)  at  Z = 2 m.  In  this  cylinder  there  are 
located  two  conductors:  Conductor  1,  immediately  adjacent  to  the 
inner  wall  at  the  narrow  edge  of  the  cylinder,  and  Conductor  2, 
towards,  but  not  at,  the  center.  Each  of  the  conductors  is  con- 
nected to  the  end  of  the  cylinder.  If  we  are  concerned  with  the 
voltage  between  the  conductors  and  the  other  end  of  the  cylinder, 
that  voltage  is  governed  by  the  current  density  in  the  cylinder 
wall  adjacent  to  the  conductor.  For  Conductor  1,  the  relevant 
current  density  is  that  along  Path  A.  The  total  voltage  from 
Conductor  1 to  the  wall  then  would  be 


where 


V = 


(4.186) 


j = current  density 
p = resistivity 
£ = length 
a = thickness 


Since  the  structure  shown  in  Figure  4.98  is  of  uniform  cross 
section,  the  current  density  will  be  uniform  over  the  length. 
Under  those  conditions,  the  voltage  would  be 


v 


1-gnd 


j P il 


(4.187) 


As  a numeric  example,  again  assume  the  conductivity  to  be  2.69  x 
10-8  rt«m,  the  thickness  1.27  x 10”^  m,  and  the  length  6 m.  Also 
assume  the  current  density  along  path  A to  be  631  A/m,  the  value 
shown  in  Figure  4.86  as  the  average  current  density  between  con- 
ductors 8 and  9.  The  voltage  on  Conductor  1 would  then  be 
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(4.188) 


First  Viewpoint.  The  voltage  on  Conductor  2 can  be  regarded  as 
the  sum  of  the  resistive  component  of  voltage  along  Path  A minus 
the  voltage  induced  by  the  changing  magnetic  flux  that  passes  be- 
tween Conductor  1 and  Path  A.  That  loop  is  designated  Loop  1 in 
Figure  4.98.  This  is  the  most  difficult  way  to  look  at  the  prob- 
lem, since  it  is  not  clear  from  the  analyses  how  that  magnetic 
flux  changes  with  time. 

Second  Viewpoint.  The  voltage  on  Conductor  2 may  also  be  viewed 
as  the  resistive  drop  along  Path  B minus  the  magnetically  induced 
voltage  in  Loop  2 between  Conductor  2 and  Path  B.  The  question, 
though,  is  "where  is  Path  B?"  The  answer  is  that  Path  B is  that 
path  which  orients  Loop  2 along  the  direction  taken  by  the  mag- 
netic flux  lines  in  such  a manner  that  no  net  magnetic  flux  passes 
through  Loop  2.  The  orientation  of  the  lines  of  magnetic  flux  is 
given  by  DIFFMAG,  either  in  the  routine  where  the  flux  density  is 
calculated  over  a volume  or  the  routine  where  it  is  calculated  at 
discrete  points.  Fitting  the  orientation  of  Loop  2 is  seldom 
critical;  an  eyeball  fit  is  generally  adequate.  As  a practical 
matter.  Path  B can  be  taken  along  the  path  that  is  physically 
closest  to  Conductor  1.  The  current  density  along  that  path 
would  be  about  270  A/m.  Accordingly,  the  voltage  on  Conductor  2 
would  then  be  about  3.43  x 10-2  v. 

The  final  current  density  would  be  uniform  over  the  structure 
and  have  a magnitude  of  359  A/m,  as  indicated  by  the  last  line  in 
Figure  4.86.  The  final  voltage  on  both  conductors  would  then  be 
4.56  x 10-2  V. 

4. 7. 3. 3 Voltage  Waveshape 

The  waveshapes  of  the  voltages  between  the  conductors  and 
ground  will  be  the  same  as  the  waveshapes  of  the  current  densities 
along  the  appropriate  paths:  Path  A for  Conductor  1 and  Path  B 
for  Conductor  2.  Since  along  Path  A the  current  density  will  de- 
crease from  its  initial  value  to  its  final  value,  it  follows  that 
the  voltage  on  Conductor  1 will  also  decrease  from  an  initial  to 
a final  value.  The  current  density  and,  hence,  voltage  will  rise 
to  its  initial  value  with  the  characteristic  waveshape  shown  in 
Figure  4.26.  On  Conductor  2,  the  initial  value  will  be  somewhat 
less  than  the  final  value,  but  the  rise  to  the  initial  value  and 
the  decay  to  the  final  value  will  be  governed  by  the  same  time 
constants  that  characterize  the  voltage  on  Conductor  1. 

The  pulse  penetration  time  constant  was  earlier  given  (Equa- 
tion 4.37)  as 


T = 


2 

ua 

2 

it  p 


(4.189) 
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For  aluminum  of  0.050  in.  thickness,  the  pulse-penetration  time 
constant  would  be  t = 7 73  x 10~6  = 7.63  ys.  The  waveshapes  of 
the  voltage  to  ground  nould  then  be  as  shown  in  Figure  4.99. 


Conductor  1 


Governed  by  redistribution  phenomena 


Governed  by 
dif  fusion 
phenomena 


Conductor  2 | 


■ Note  change  in  time  scale 


Figure  4.99  Waveshapes  of  Voltaqes  to  Ground 

The  voltage  between  conductors  is  the  difference  in  the  volt- 
ages between  the  two  conductors  and  ground.  Its  waveshape  is 
shown  in  Figure  4.100.  The  voltage  between  conductors,  of  course, 
eventually  falls  to  zero,  unlike  the  voltage  from  either  conductor 
to  ground. 

4.7.4  Waveshape  of  Magnetic  Field 

Since  the  voltage  between  conductors  responds  to  the  deriva- 
tive of  the  magnetic  flux  passing  through  the  loop  between  the 
two  conductors,  it  follows  that  the  waveshape  of  the  magnetic 
flux  would  be  proportional  to  the  integral  of  the  voltage  given 
in  Figure  4.100.  The  integral  of  voltage  is  shown  in  Figure  4.101 
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SECTION  V 


THE  INFLUENCE  OF  COMPOSITE  MATERIALS  ON  DIFFUSION  EFFECTS 


5.1  INTRODUCTION 

The  analyses  presented  in  Section  4 of  diffusion  effects  in 
metal  structures  apply  equally  as  well  to  the  usual  composite 
materials,  if  allowance  is  made  for  their  much  higher  resistivity. 

Of  the  normal  composite  materials,  the  one  with  the  lowest  resis- 
tivity is  graphite,  and  its  resistivity  is  on  the  order  of  3000 
times  higher  than  that  of  aluminum.  As  a result,  the  pulse-pene- 
tration time  and  redistribution  time  of  a structure  composed 
of  graphite  would  be  about  3000  times  faster  than  that  of  an 
aluminum  structure  of  the  same  dimensions.  To  a large  extent, 
one  can  say  that  the  retarding  effects  on  waveshape  produced 
by  the  diffusion  process  in  an  aluminum  structure  would  reduce 
to  calculating  the  corresponding  dc  resistance  voltages  or  to 
calculating  the  final  distribution  of  magnetic  field.  If  one 
were  dealing  with  a boron  structure,  dc  resistances  would  be 
much  higher  yet,  and  if  one  were  dealing  with  some  type  of  fiber- 
glass structure,  the  calculations  would  not  apply.  The  question, 
"What  is  the  effect  of  composite  materials  on  lightning  electro- 
magnetic compatibility?"  can  be  answered  in  a summary  form  by 
stating  that,  in  an  aircraft  making  extensive  use  of  composite 
materials,  the  protection  previously  given  by  the  structural 
skin  is  no  longer  available.  The  lightning-electromagnetic  com- 
patibility problems  must  now  be  solved  without  the  benefit  of 
the  aircraft  metallic  skin.  Systems  engineers  will  have  to  pro- 
vide their  own  shielding  against  electromagnetic  fields  or  else 
they  will  have  to  be  prepared  to  deal  with  much  higher  currents 
and  voltages  on  their  circuits  than  they  are  used  to  dealing 
with.  The  cost  of  providing  that  shielding  or  protection,  either 
in  weight  or  in  development  costs,  will  be  more  highly  visible 
than  in  the  past,  and  program  managers  should  not  be  taken  una- 
ware by  those  higher  costs. 

5.2  EXPERIMENTAL  STUDIES  ON  COMPOSITE  MATERIALS 

There  were  no  experimental  studies  of  composite  materials 
in  this  program,  since  the  subject  has  been  studied  by  others, 
particularly  Strawe  and  Piszker  (Reference  5.1).  The  data  which 
they  present  that  are  most  descriptive  of  the  comparison  between 
composite  materials  and  metals  are  the  data  they  took,  in  a quadrax- 
ial  test  fixture,  of  the  surface  transfer  impedance  of  graphite 
samples.  In  a quadraxial  test  fixture,  current  is  circulated 
through  a cylinder,  and  the  voltage  drop  produced  along  the  inner 
surface  of  that  cylinder  is  measured. 

The  quadraxial  test  fixture  that  they  used  is  shown  in  Fig- 
ure 5.1.  The  outermost  electrode  is  basically  a ground  electrode. 

In  service,  current  is  injected  into  the  drive  cylinder  from 
a generator  (oscillator  and  amplifier)  and  is  returned  to  the 
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generator  through  two  paths  in  parallel,  the  outer  cylinder  and 
on  the  cylinder  under  test.  A transformer  is  used  to  measure 
the  current  in  the  cylinder  under  test.  A sensing  electrode, 
inside  the  cylinder  under  test,  measures  the  internal  voltage 
drop.  The  various  tapered  transition  sections  and  termination 
resistors  serve  to  prevent  internal  resonances.  The  geometry 
of  the  cylinder  under  test  will  be  recognized  as  basically  that 
described  in  Section  4.5.1. 


OUTER  CYLINDER 


The  test  specimens  that  they  used  were  cylinders  of  graphite- 
epoxy  material,  36  in.  long  and  6 in.  in  diameter.  Cylinders 
of  two  different  thicknesses  were  used;  one  composed  of  12  plies 
of  graphite-epoxy  and  one  composed  of  24  plies.  The  authors 
do  not  mention  in  their  report  what  the  thickness  of  the  walls 
were,  but  one  might  assume  that  they  were  about  0.1  and  0.2  in., 
respectively. 

Figure  5.2  shows  the  measured  transfer  impedances  as  a func- 
tion of  frequency.  It  can  be  seen  that  over  a broad  frequency 
range  the  transfer  impedance  is  equal  to  the  dc  resistance. 

That  dc  resistance  for  the  24-ply  sample  is  0.017 ft  or  4.72  x 
10~4ft  /in. 

These  measured  transfer  impedances  of  graphite  are  compared, 
in  Figure  5.3,  to  the  calculated  transfer  impedances  of  aluminum 
having  the  same,  or  thinner,  thicknesses.  It  can  be  seen  that 
the  transfer  impedance  of  the  graphite  is  several  orders  of  mag- 
nitude higher  than  that  of  aluminum,  and,  furthermore,  the  transfer 
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OHMS 


FREQUENCY  mh,  (From  Figure  53  of 

AFML-TR-75-141) 


Figure  5.2  Measured  Surface  Transfer  Impedance 
of  12-Ply  HTS  and  24-Ply  T300 
Graphite  (6  in.  diameter  cylinder, 

36  in.  long) 

impedance  stays  equal  to  its  dc  value  for  several  more  decades 
of  frequency. 

In  another  section  (page  102)  of  the  Reference  5.1  report, 
mention  is  made  of  another  sample  of  24-ply  material  for  which 
the  resistance  was  9.08  x 10  4 ft /in.  Possibly,  the  discrepancy 
was  due  to  joint  effects.  If  we  assume  the  cylinder  dimensions 
to  be  6 in.  in  diameter,  0.2  in.  wall  thickness,  and  the  resis- 
tance to  be  9.08  x 10  4 ft  /in.,  the  material  resistivity  is  then 
seen  to  be  8.7  x 10  5 ft  m.  This  follows  from  the  equation  for 
resistance  of  a cylinder: 


where 


x,  p 

R = 2tt  a t 


(5.1) 


l = length 
a = radius 
t = thickness 
p = resistivity 

This  resistivity  is  about  3200  times  that  of  aluminum. 

2.69  x 10~°  ft  m. 


Figure  5.3  Transfer  Impedance  of  Graphite 
Compared  to  Aluminum 


5.3  SIGNIFICANCE  OF  TRANSFER  IMPEDANCE 

In  Section  4.5.2,  data  illustrating  the  diffusion  effects 
in  an  elliptical  cylinder  2 m long  with  major  and  minor  axes 
of  47  and  9.4  cm,  respectively,  was  shown.  That  cylinder  was 
made  from  aluminum  0.015  in.  thick.  The  oscillograms  clearly 
show  the  characteristics  of  the  pulse  penetration  and  redistribut- 
ion time  constants.  Table  5.1  shows  calculated  time  constants 
for  three  such  cylinders;  two  of  aluminum  and  one  of  graphite. 

The  graphite  cylinder  is  of  24-ply  graphite  of  a thickness  esti- 
mated to  be  0.20  in.  Of  the  two  aluminum  cylinders,  one  has 
a wall  thickness  of  0.015  in.,  the  value  used  in  the  experiment, 
and  the  other  has  wall  thickness  of  0.20  in.,  the  same  thickness 
as  the  graphite  cylinder.  Figure  5.4  shows  how  those  three  cyl- 
inders would  respond  to  a step  function  current  wave.  The  fact 
that  the  response  of  the  graphite  cylinder  reaches  its  final 
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value  so  much  faster  than  do  either  of  the  aluminum  cylinders 
is  a reflection  of  the  much  higher  resistivity  of  the  graphite. 
In  addition,  a given  current  would  produce  a much  higher  voltage 
in  the  graphite  cylinder. 


TABLE  5.1 

A COMPARISON  OF  PULSE  PENETRATION 
AND  REDISTRIBUTION  TIME  CONSTANTS 


(For  an  elliptical  cylinder  of  major  axis  47  cm 
and  a minor  axis  of  9.4  cm) 


Material 

Pulse  Penetration 
Time  Constant 

Redistribution 
Time  Constant 

24-ply  graphite 

0.038  ys 

4.8  ys 

0.015  in.  aluminum 

0.69  y s 

1 . 2 ms 

0.20  in.  aluminum 

122  ys 

15.5  ms 

5.4  MISCELLANEOUS  OBSERVATIONS  ABOUT  COMPOSITE  STRUCTURES 

Strictly  speaking,  the  diffusion  phenomena  will  apply  only 
for  a structure  composed  of  isotropic  materials,  whose  resistivity 
is  independent  of  the  current  flow.  There  is  concern  that  com- 
posite materials  might  not  have  such  properties,  either  because 
of  the  layers  of  epoxy  (or  other  binder)  used  between  plies  or 
because  of  the  general  nature  of  the  composite  materials.  An 
example  of  the  latter  would  be  boron  that  is  deposited  on  a tung- 
sten filament.  The  conductivity  of  the  tungsten  is  much  higher 
than  that  of  the  boron,  giving  a preferred  current  path  along 
the  tungsten.  For  graphite,  the  problem  is  more  theoretical 
than  real;  since  the  plies  of  carbon  are  laminated  together  under 
pressure,  the  filaments  of  the  different  plies  come  into  contact 
at  enough  points  that  the  material  does  behave  like  an  isotropic 
material.  For  boron  materials,  the  concerns  may  be  more  valid, 
but  in  the  real  lightning  environment,  where  a structure  would 
be  carrying  large  lightning  currents,  there  would  probably  be 
internal  sparking  between  plies  that  were  isolated  from  each 
other,  sparking  sufficient  to  again  make  the  material  essentially 
isotropic. 

When  attempting  to  pursue  theoretical  studies  of  the  behavior 
of  composite  materials,  it  would  be  well  not  to  push  the  analysis 
too  far,  since  most  actual  structures  would  either  have  a graphite 
skin  over  an  aluminum  framework  or  would  have  thin  composite 
skins  over  a more  massive  composite  framework.  The  elementary 
diffusion  phenomena  described  here  and  in  Section  4 would  not 
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(b) 


V/A 


Figure  5.4  Predicted  Waveshapes  in  Structures 
of  Different  Materials 

(a)  24-ply  graphite  - thickness  0.20  in. 

(b)  0.015  in.  aluminum 

(c)  0.20  in.  aluminum 

(1  and  7 refer  to  conductor  locations  - see  Figure  4.36) 

apply  when  materials  of  widely  different  conductivities  are  used 
together . 

When  the  structures  under  evaluation  are  sufficiently  elemen- 
tary that  the  diffusion  theory  does  apply,  one  can  treat  composite 
structures  in  the  same  manner  as  one  would  treat  metal  structures. 
One  need  only  know  the  effective  resistivity  of  the  composite 
material. 
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SECTION  VI 


ADDITIONAL  TOOLS  USEFUL  FOR  ANALYSIS 
6.1  INTRODUCTION 

In  this  section,  several  other  computer  tools  and  formulas 
useful  for  analysis  of  lightning  induced  effects  will  be  presented. 
All  of  the  computer  routines  have  been  presented  as  "stand  alone" 
routines,  and  therefore  require  a certain  amount  of  user  input  to 
use  them  in  conjunction  with  one  another,  and  with  the  program 
DIFFMAG.  It  was  originally  hoped  that  they  could  be  linked  to- 
gether so  that  data  from  one  routine  could  be  used  directly  with 
another  routine,  but,  as  explained  in  the  introduction,  the 
bookkeeping  tasks  required  to  effect  such  linking  were  too  complex 
to  implement  in  this  program.  The  various  tools  are,  however, 
useful  to  those  who  wish  to  pursue  the  study  of  lightning  inter- 
actions in  depth. 


6.2  PROGRAM  CONVOLUT 


6.2.1  Purpose  of  CONVOLUT 

CONVOLUT  is  a program  with  which  one  may  find  the  response 
of  a system  to  an  arbitrary  input  function  if  one  knows  the 
response  of  the  system  to  a step  function  or  impulse  function. 
The  program  evaluates  convolution  integrals,  either  of  the  form 


Y(t)  = 


B(t)jL  P (t-u) du 


(6.1) 


or  of  the  form 


where 


y (t) 


B(t)  M (t-u)  du 


(6.2) 


P(t)  = the  response  of  a system  to  a step 
function 

M(t)  = the  response  of  the  system  to  an  impulse 
function 

B (t)  = an  arbitrary  time  function 

Y(t)  = the  response  of  the  system  to  the 
arbitrary  function  B(t) 


307 


( 


preceding  pag*  blajk_not  riuctg 


The  program  is  based  on  the  observation  that  an  arbitrary 
function,  B(t),  can  be  approximated  numerically,  as  shown  in 
Figure  6.1,  as  either  the  sum  of  a series  of  step  functions  or 
as  a series  of  impulse  functions  properly  shifted  in  time.  It 
follows,  therefore,  that  the  response  of  a system  to  the  input 
B (t ) can  be  obtained  by  making  an  appropriate  summation  of  the  re- 
sponse of  the  system  to  a step  function  or  impulse  function. 


Figure  6.1  Analysis  of  a General  Function  as  the 
Superposition  of  Elementary  Functions 


(a)  Superposition  of  step  functions 

(b)  Superposition  of  impulse  functions 


(From  Goldman,  Reference  6.1) 

In  Equation  6.1,  the  derivative  of  the  step  function,-^-  P(t), 
is  numerically  equal  to  the  impulse  function  M(t) . 


6.2.2  Method  of  Operation 

CONVOLUT  is  entered  with  two  time  functions,  P(t)  and  B(t). 

By  convention,  though  not  by  necessity,  P(t)  is  taken  as  the 
response  of  the  system  to  a step  function,  one  whose  amplitude 
jumps  to  1.0  at  t = 0 and  remains  there  indefinitely.  B(t)  is 
an  arbitrary  function  of  time.  If  the  user  wishes  to  evaluate 
Equation  6.2,  the  input  function  P(t)  is  used  to  designate  the 
function  M(t)  of  Equation  6.2.  M(t)  is  the  response  of  the 
system  to  a unit-impulse  function,  one  whose  duration  is  short 
compared  to  the  response  of  the  system,  and  whose  amplitude  is 
such  that  the  product  of  amplitude  and  time  is  unity. 

The  data  are  entered  as  numerical  pairs,  time,  and  the  cor- 
responding amplitude.  The  spacing  between  the  sample  points,  or 
the  times  at  which  the  amplitude  samples  are  taken,  need  not  be 
equal.  The  user  may  therefore  take  samples  frequently  in  a region 
where  the  amplitude  changes  rapidly  with  time,  and  take  them  only 
infrequently  in  regions  where  the  amplitude  changes  only  slowly 
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with  time.  These  sets  of  data  are  referred  to  as  the  original 
input  functions.  Function  1 and  Function  2,  and  are  illustrated 
in  Figure  6.2. 


\ 
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Figure  6.2  Original  Input  Functions 
(unequal  time  intervals) 

From  these  functions,  two  additional  functions,  C(t)  and  D(t), 
are  derived.  C and  D,  illustrated  in  Figure  6.3,  are  spaced  at 
equal  time  intervals.  At  = TIME  1,  and  are  derived  from  the 
original  input  functions  by  linear  interpolation  between  the  time 
points  at  which  the  user  has  defined  the  input  data.  The  ampli- 
tudes of  C and  D are  accurate  representations  of  the  original 
input  data  to  the  extent  that  the  user  sampled  the  original 
input  functions  at  points  between  which  the  functions  could  be 
approximated  by  straight  lines.  Functions  C and  D are  stored 
in  the  program  as  arrays.  The  times  corresponding  to  the  ampli- 
tudes are  not  stored  explicitly. 

From  function  C,  which  is  a representation  of  the  original 
input  function  P,  there  is  derived  a fifth  function,  E.  E is 
either  the  derivative  of  C (or  P)  or  equal  to  C (or  P)  depending 
on  whether  the  user  is  evaluating  Equation  6.1  or  Equation  6.2. 
Function  E is  illustrated  in  Figures  6.4  and  6.5. 

The  process  by  which  the  convolution  integral  is  evaluated 
is  shown  in  Figures  6.6  through  6.8  for  the  times  tl,  t2,  and 
t5.  Basically,  the  process  involves  constructing  a time-reversed 
table  of  function  D and  then  multiplying  the  tabular  values  of 
D and  E together.  At  tl,  only  one  pair  of  values  are  multiplied 
together.  At  t200,  there  would  be  200  values  multiplied  together, 
and,  consequently,  the  execution  of  the  program  takes  much  longer 
as  the  number  of  time  steps  increases. 
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FUNCTION  1 


FUNCTION  2 


T is 
uniform 
and  equal 
to  Time  2 


Time 

(implied) 

Amplitude 

Amplitude 

/C1 

Cl 

D1 

/ t2 

C2 

D2 

t3 

C3 

D3 

t4 

C4 

D4 

15 

C5 

D5 

r 

C6 

1 

D6 

1 

i 

1 

l tN3 

1 

1 

1 

CN3 

i 

i 

1 

DN3 

Figure  6.3  Derived  Input  Functions 
(equal  time  intervals) 


Time 

(implied) 

Amplitude 

tl 

El 

El  = (C2-C1)  /A  t 

t2 

E2 

E2  = (C3-C2)  /A  t 

t3 

E3 

E3  = (C4-C3)  /A  t 

t4 

E4 

t5 

E5 

t6 

E6 

1 

1 

E7 

| 

1 

1 

1 

EN3-1  = (CN3-2CN3-1)  /A  t 

1 

tN 

1 

EN3 

EN3  = EN3-1 

Figure  6.4 

Function  E 

When  Option  1 is  Selected 

(E  = derivative  of  C) 
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( implied) 


Amplitude 


El  = Cl 
E2  = C2 
E 3 = C3 
E4  = C4 
E5  = C5 
E6  = C6 

EN3  = CN3 


Figure  6.5  Function  E When  Option  2 is  Selected 


Figure  6.6  Multiplication  Steps  at  tl 


3 


El 

E2 

E3 

E4 

I 

I 

I 

I 

EN3 


DN3 

i 

l 

I 

D 4 
D3 

x D2 
x D1 


Y2  = At (El  * D2  + E2  * Dl) 

Figure  6.7  Multiplication  Steps  at  t2 

A listing  of  the  program  is  given  in  Figure  6.9.  A flow 
chart  of  the  program  is  not  included  because  it  is  fairly 
straightforward. 

The  instructions  on  the  type  of  data  with  which  the  program 
is  run  are  given  in  lines  1020  through  3280. 

Program  dimensions  are  given  in  lines  3300  and  3320.  The 
program  is  presently  dimensioned  so  that  each  of  the  input 
functions  can  be  described  by  250  pairs  of  data.  Fewer  pairs 
can,  of  course,  be  used.  For  operation  of  the  program,  this 
data  may  be  divided  into  as  many  as  250  increments,  a number 
which  has  seemed  to  be  more  than  adequate  for  all  functions  for 
which  the  input  data  has  been  taken  from  measurements  on  physical 
systems . 

Function  1 is  read  in  lines  3520  through  3960,  while  function 
2 is  read  in  lines  3980  through  4460.  During  the  reading  of  each 
of  the  functions  the  minimum  and  maximum  values  of  the  functions 
are  determined. 
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Y5  - At (El  * D5  + E2  * DA  + E3  * D3  + E4  * D2  + El  * D5) 
Figure  6.8  Multiplication  Steps  at  t5 


In  lines  4480  through  4900,  the  input  data  is  printed  for 
inspection  if  the  control  character  IOFLAG4  =1.  If  IOFLAG4  = 0, 
that  data  is  not  printed. 

In  lines  4940  through  5220,  the  data  as  originally  given  is 
expanded,  and  the  functions  C and  D are  constructed.  Subroutine 
QUACK  is  used  to  perform  the  necessary  linear  interpolations. 

The  derivative  of  function  C is  taken  in  lines  5300  through  5360 
using  the  relation 
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1020C  PROGRAM  NAME  13  CONVOLUT 
1040C 

1060C  FOR  FURTHER  INFORMATION  ON  THIS  PROGRAM  CONTACT 
1080C 

1100C  F.A.  FISHER 

1120C  BLDG  9 - ROOM  200 

1 1 40C  GENERAL  ELECTRIC  CO. 

1160C  100  WOODLAWN  AVE. 

1180C  PITTSFIELD,  MASS  01201 

1200C 

1220C  RHONE  (413) -494-4380 

1240C 


1260C 
1280C 
1300C 
1320C 
1 3 4 0 C 
13B0C 
1380C 
1400C 
1420C 
1440C 
1460C 
1480C 
1500C 
1520C 
1540C 
15600 
1580C 
16000 
1620C 
1640C 
1660C 
1680C 
1700C 
1720C 
1740C 
1760C 

1 7 8 0 C 
1800C 
1820C 

1 8 4 0 C 
1860C 


THIS  PROGRAM  EVALUATES  SUPERPOSITION  INTEGRALS*  EITHER  OF  THE 
FIRST  KIND 

/-- 

/ 

Y < T ) = / B(T)  D/DT  CP(T-IJ)DU3 

/ 

--/  0 


OR  OF  THE  SECOND  KIND 


/-- 

/ 

Y < T ) = / B(T)  P(T-U)DU) 

/ 

--/  0 


IF  FUNCTION  P IS  THE  TIME  RESPONSE  OF  A SYSTEM  TO  A STEP 
FUNCTION  INPUT  AND  FUNCTION  B IS  AN  ARBITRARY  TIME  FUNCTION 
INPUT*  THEN  FUNCTION  Y WILL  BE  THE  RESPONSE  FO  THE  SYSTEM  TO 
THE  ARBITRARY  INPUT  FUNCTION  B.  FOR  A STEP  FUNCTION  INPUT  ONE 
WOULD  USE  AN  INTEGRAL  OF  THE  FIRST  KIND 

IF  FUNCTION  P IS  THE  RESPONSE  TO  AN  IMPULSE  FUNCTION,  THEN  THE 
RESPONSE  OF  THE  SYSTEM  COULD  BE  EVALUATED  BY  USING  AN  INTEGRAL 
OF  THE  SECOND  KIND. 


1880C 

1900C 

1920C 

1940C 

19600 

1980C 

20000 

20200 

2040C 

20800 

200:00 


THE  PROGRAM  REQUIRES  DATA  INPUT  FROM  A FILE  NAMED  INCOFIL*  THE 
CHARACTERISTICS  OF  WHICH  ARE  AS  FOLLOWS: 

1000  I0FLAG3 


THIS  IS  A CONTROL  CHARACTER  THAT  SELECTS  THE  TYPE  OF 
INTEGRAL  TO  BE  USED. 

IF  I0FLAG3  = 1 AN  INTEGRAL  OF  THE  FIRST  KIND  IS  USED 
TO  EVALUATE  THE  RESPONSE  IN  TERMS  OF  A STEP  FUNCTION 
RESPONSE.  IF  I0FLAG3  = 2 AN  INTEGRAL  OF  THE  SECOND 
KIND  IS  USED  TO  EVALUATE  THE  RESPONSE  IN  TERMS  OF  THE 


Figure  6 . 9 Program  CONVOLUT 


2100C 

2120C 

2140C 

2160C 

2180C 

2200C 

2220C 

2240C 

2260C 

2280C 

2300C 

2320C 

2340C 

2360C 

2380C 

2400C 

2420C 

2440C 

2460C 

2480C 

2500C 

2520C 

2540C 

2560C 

2580C 

2600C 

2620C 

2640C 

2660C 

2680C 

2700C 

2720C 

2740C 

2760C 

2780C 

2800C 

2820C 

2840C 

2860C 

2880C 

2900C 

2920C 

2940C 

2960C 

2980C 

3000C 

3020C 

3040C 

3060C 

3080C 

3100C 

3120C 

3140C 

3160C 


RESPONSE  TO  AN  IMPULSE  FUNCTION. 

2000  I0FLAG4  , IOFLAG5 

THESE  ARE  CONTROL  CHARACTERS , 1 (ONE)  OR  0 (ZERO 
THAT  CONTROL  WHETHER  OR  NOT  THE  INPUT  AND  OUTPUT 
DATA  ARE  TO  BE  PRINTED  AND  PLOTTED. 

IF  I0FLAG4  = 1 THE  INPUT  DATA  WILL  BE  LISTED.  BUT 
WILL  NOT  BE  SO  LISTED  IF  IOFLAG4  = 0 
IF  I OFLAG5=  1 THE  INPUT  AND  OUTPUT  DATA  WILL  EE 
PLOTTED.  BUT  WILL  NOT  BE  IF  I0FLAG5  = 0. 

3000  NN 

IMN  IS  A NUMBER  THAT  TELLS  HOW  MANY  PAIRS  OF  DATA. 

TIME  AND  AMPLITUDE.  WILL  BE  USED  TO  DESCRIBE 
THE  FIRST  FUNCTION. 

3010  TIME,  AMPLITUDE 

3020  TIME,  AMPLITUDE 

3030  TIME,  AMPLITUDE 

THESE  ARE  PAIRED  VALUES  OF  TIME  AND  AMPLITUDE  THAT 
DEFINE  THE  FIRST  FUNCTION.  USE  AS  MANY  LINES  OF 
DATA  AS  NECESSARY  TO  DEFINE  THE  FUNCTION.  THE  DATA 
DOES  NOT  HAVE  TO  BE  DEFINED  AT  EQUAL  TIME  INTERVALS. 

4000  MM 

MM  IS  A NUMBER  THAT  TELLS  HOW  MANY  PAIRS  OF  DATA 
THAT  WILL  BE  USED  TO  DESCRIBE  THE  SECOND  FUNCTION. 

4010  TIME,  AMPLITUDE 

4020  TIME,  AMPLITUDE 

4030  TIME,  AMPLITUDE 

THESE  ARE  PAIRED  VALUES  THAT  DESCRIBE  THE  SECOND 
FUNCTION. 

5000  N3.TIME1 ,TIME2 

N3  IS  THE  NUMBER  OF  SHORT  SEGMENTS  INTO  WHICH  THE 
PROGRAM  SHOULD  DIVIDE  THE  DATA  DESCRIBING  THE  INPUT 
FUNCTIONS  IN  ORDER  TO  PERFORM  THE  CALCULATIONS  WITH 
THE  DESIRED  ACCURACY.  A REASONABLE  NUMBER  IS  BETWEEN 
100  AND  200.  THE  LIMIT  ON  N3  IS  250  UNLESS  THE  PROG- 
RAM DIMENSIONS  ARE  CHANGED. 

TIME  1 IS  THE  SIZE  OF  THE  TIME  INTERVAL  WITH  WHICH 
THE  CALCULATIONS  ARE  MADE.  IF  N3  = 100  AND  TIME1  = 0.1 
MICROSECONDS  THE  CALCULATIONS  WILL  COVER  THE  RANGE 
a TO  10  MICROSECONDS. 

TIME2 CONTROLS  THE  AMOUNT  OF  OUTPUT  DATA  THAT  IS 

Figure  6.9  (Continued)  Program  CONVOLUT  (Continued) 
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PRINTED  OR  PLOTTED.  IF  TIME  2 = 5 EVERY  FIFTH  LINE  OF 
DATA  WILL  BE  PRINTED  OR  PLOTTED.  THUS  OUTPUT  DATA 
WOULD  BE  GIVEN  AT  INTERVALS  OF  0.5  MICROSECONDS. 

IF  TIME2  = 1 EVERY  LINE  WILL  BE  PRINTED  OR  PLOTTED. 


3180C 
3200C 
3220C 
3240C 
3260C 
3280C 

3300  DIMENSION  B <2 , 250)  , C ( 1 ,25(3)  , D ( 1 , 250)  , P <2  >250)  , Y ( 1 , 250) 

3320  DIMENSION  E(1 .250) 

3340  INTEGER  INCOFIL 

3360  CALL  OPENF (09 .“ INCOFIL. ".ISTAT, 1.0,1) 

3380  3001  FORMAT  ( " # »#****«*##  »#*##**##*■******####***##***##****#*#•»#") 
3400  WRITE <06,3001 ) 

3420  WRITE (06,3000) 

3440  3000  FORMAT <"  ") 

3460  READ (09, 1 10) LINE, I0FLAG3 

3480  READ (09, 110) LINE, I0FLAG4, I0FLAG5 

3500  READ(09, 1 10) LINE,NN 

3520C  INPUT  OF  FUNCTION  #1  BEGINS 

3540  3035  FORMAT (13) 

3560  F'MAX  =0 . 0 
3580  PMI N=0 . 0 

3600  DO  112  J= 1 , NN  — < 

3620  N1  = J 

3640  READ (09, 1 10) LINE.P ( 1 , J) ,P(2,J) 

3660  110  FORMAT  (V) 

3680  IF (PMAX  . GE . P(2,J))  GO  TO  3076 
3700  PMAX=P (2 , J) 

3720  GO  TO  3077 


3740  3076  PMAX  = PMAX  

3760  3077  IF (PMIN  .LE.  P(2,J)) 
3780  PMIN=P (2, J) 

3800  GO  TO  111  


3076  


GO  TO  3080 


□ 


3820  3080  PM IN=PMIN 

3840  IF ( J . GT . 1)  GO  TO  3166 

3860  GO  TO  111  


3880  3166  IF(P ( 1 , J) ) 
3900  111  CONTINUE  - 
3920  112  CONTINUE  - 


3200,3200 


,111  ^ 


3940C  THE  MINIMUM  AND  MAXIMUM  VALUES  OF  FUNCTION  P ARE  PMIN  AND  F'MAX 

3960C  END  OF  INPUT  OF  FUNCTION  * 1 

3980  3200  CONTINUE 

4000C  INPUT  OF  FUNCTION  #2  BEGINS 

4020  READ 039, 1 10 ) LI NE , MM 

4040  3205  FORMAT (13) 

4060  BMAX  =(3 . 0 
4080  BM I N=(3 . 0 
4100  DO  12(3  J=  1 » MM 
4120  N2= J 

4140  READ(09,110)LINE,B(1,J) ,B(2,J) 

4160  118  FORMAT (V) 

4180  IF  (BMAX  .GE.  B(2,J))  GO  TO  3156  

4200  BMAX=B (2 , J) 

4220  GO  TO  3i57  

4240  3156  BMAX=BMAX  -< 

i 

Figure  6.9  (Continued)  Program  CONVOLUT  (Continued) 
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4260  3157  IF (BMIN  .LIE.  B (2 » J>  ) GO  TO  3160  1 

4280  BMIN=B(2fJ> 

4300  GO  TO  119  

4320  3160  BMIN=BMIN  — . 

4340  IF ( J .GT.  1)  GO  TO  3354  ; 

4360  GO  TO  119 1 

4380  3354  IF(Bd.J))  3380 f 3380 f 1 1 9 
4400  119  CONTINUE 
4420  120  CONTINUE 

4440C  THE  MINIMUM  AND  MAXIMUM  VALUES  OF  FUNCTION  B ARE  BMIN  AND  BMAX 
4460C  END  OF  INPUT  OF  FUNCTION  #2 
4480 
4500 
4520 
4540 
4560 
4580 
4600 
4620 
4640 
4660 
4680 
4700 
4720 
4740 
4760 
4780 
4800 
4820 
4840 
4860 
4880 
4900 
4920 
4940 
4960 
4980 
5000 
5020 
5040 
5060 
5080 
5100 
5120 
5140 
5160 
5180 
5200 
5220 

5240C  NOW  WE  START  TO  TAKE  THE  DERIVATIVE  OF  FUNCTION  C 
5260  N= 1 

5280  IF  ( IQFLAG3>1 .5) GOTO  450  

5300  DO  430  N = 1 » N 3 — « 

5320  E(lfN)=(C(lfN+l)-C(l»N))/TIME2  1 


Figure  6.9  (Continued)  Program  CONVOLUT  (Continued) 
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3380  IF (N1  .GE.  N2)  GO  TO  124 

INDEX-N2 

GO  TO  126  1 

124  INDEX  = N1  

125  CONTINUE  I 

126  CONTINUE  *< 1 

I F ( I OFLAG4 ) 301 f301  » 129 r> . 

129  WR  I TE  ( 06  f 1 3 1 > - 1 I 

131  FORMAT ("  THIS  IS  THE  ORIGINAL  FORM  OF  THE  INPUT  DATA") 

WRITE (06  f 3000) 

130  FORMAT (7X ."FUNCTION  NUMBER  ONE" f 9X f "FUNCTION  NUMBER  TWO") 

WRITE  <06r 136) 

WRITE (06  f 3000 ) 

136  FORMAT <//6Xf "TIME" f 1 IX f "AMPLITUDE" f8X f "TIME" f 1 1 X f "AMPLITUDE" > 
138  FORMAT (// f 10X  f"X" f 13X f "F ( X ) " f 15X  f "X" f 15X  f "F (X) ") 

DO  300  1 = If  INDEX 

WRITE (06 f 165)  P(1 f I) fP(2fI) fB( If  I) fB(2f I) 

165  FORMAT (3Xf 1E14.4f2Xf 1E14.4f3Xf 1E14.4f2Xf 1E14.4) 

300  CONTINUE  — < 

WRITE (06f3000) 

WRITE (06 f 3001) 

WRITE  (06  f 3000 ) 

301  CONTINUE  — < 

WRITE  (06f315) 

315  FORMAT(///f5Xf"SUPERPOSITION  INTEGRAL  CALCULATION") 

WRITE  (06  f330) 

330  FORMAT (//f4Xf "COMP  I NT VL" f 1 0X f "TOTAL  INTVL" f 10X f "PRNTG  INTVL") 
WRITE ( 06  f 3000 > 

READ (09 f 3572) LINE fN3 fT IME1 fTIME2 
3572  FORMAT (V) 

WRITE (06 f 350)  TIME1 fN3*TIME1 fTIME1*TIME2 
350  FORMAT (2Xf IE  1 4 . 4 f 5X f IE  1 4 . 4 f 6X f IE  1 4 . 4 ) 

T I ME=0 . 

DO  390  K = 1 fN3+1  ; 

NINE=K 

CALL  QUACK (PfBfCfDf I fNINEfNI fN2fTIME) 

TIME  =TIME+TIME1 

390  CONTINUE  


5340 
5360 
5380C 
5400 
5420 
5440 
5460 
5480 
5500 
5520 
5540 
5560 
5580 
5600C 
5620C 
5640  C 
5660 
5680 
5700 
5720 
5740 
5760C 
5780 
5800 
5820 
5840 
5860 
5880 
5900 
5920 
5940 
5960 
5980C 
6000C 
6020 
6040 
6060 
6080 
6100 
6120 
6140 
6160 
6180 
6200 
6220 
6240 
6260 
6280 
6300 
6320 
6340 
6360 
6380 
6400 


: i , ii  j ^ — 


430  CONTINUE  ■ 1 , 

E ( 1 »N3) =E ( 1 , N3- 1 ) i 

NOW  WE  HAVE  FINISHED  TAKING  THE  DERIVATIVE 

GOTO  465  1 I 

450  DO  460  N=1,N3  -< - 

E(I,N)=Cd,N)  I 

460  CONTINUE J 

465  CONTINUE  -< 1 

T I ME=0 . 

Q=1 . 

Y < 1 r Q > =0. 

DO  600  J = 1 , N 3 -“C  — I 

YS  = 0 1 

HERE  WE  START  THE  HEART  OF  THE  CONVOLUTION  ROUTINE  EY  MULT  I PL  Y INC- 
TOGETHER  THE  FUNCTION  E AND  THE  TIME  REVERSED  FUNCTION  DERIVED 
FROM  FUNCTION  D , 

DO  540  I = 1 » Q 

YS1 =E ( 1 1 1 ) *D ( 1 » 1+Q- 1 ) *T I ME  1 
YS= YSl  +YS 
Y ( 1 » Q)  = YS 

540  CONTINUE 

THIS  ENDS  THE  MULTIPLICATION 
590  Q=Q+1. 

600  CONTINUE  

U = 0 . 

XL=0. 

DO  660  I = 1 » N3  

IF(Ydfl)  .LT.  U)  GO  TO  650 
U= Y ( 1 » I ) 

650  IF  ( Y (1,1)  .GT.  XL)  GO  TO  660  - -, 

XL  = Y (1,1)  | 

660  CONTINUE *•- - 

THE  MINIMUM  AND  MAXIMUM  VALUES  OF  THE  RESPONSE  FUNCTION  Y 
ARE  XL  AND  U 
WRITE (06.675) 

675  FORMAT </» IX ."MINIMUM  AND  MAXIMUM  VALUES  OF  THE  RESPONSE  ARE") 
WRITE (06.3000) 

WRITE (06,685)  XL , U 

685  FORMATOX,  1E14.4.5X,  1E14.4) 

WRITE (06,730) 

WRITE (06,3000) 

730  FORMAT <//,10X,"T", 13X,"F1 ( T ) " , 1 1 X , "F2 ( T ) " , 1 1 X , "F 1 *F2" ) 

T IME=0 . 

XN5=TIME2 

DO  820  1 = 1 , N3+ 1 — < 

IF  ( XN5  .LT.  TIME2)  GO  TO  800  

WRITE ( 06,780) TIME,C(1 , 1 ) ,D < 1 , I ) , Y ( 1 , 1 ) 

780  FORMAT (4X ,1E14.4,2X,1E14.4,2X,1E14.4,2X,1E14.4) 

786  FORMAT ( 2E 1 4 . 4 ) 

XN5=0 . 

800  T IME  = T I ME  + T I ME  1 — < — - ■ 

XN5=XN5+1 . 

820  CONTINUE - 

WRITE  (06,3000) 


U>  GO  TO 


XL)  GO  TO  660  — 
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6420 

6440 

6460 

6480C 

6500 

6520 

6540 

6560 

6580 

6600 

6620 

6640 

6660 

6680 

6700 

6720 

6740 

6760 

6780 

6800 

6820 

6840 

6860 

6880 

6900 

6920 

6940 

6960 

6980 

7000 

7020 

7040 

7060 

7080 

7100 

7120 

7140 

7160 

7180 

7200 

7220 

7240 

7260 

7280 

7300 

7320 

7340 

7360 

7380 

7400 

7420 

7440 

7460 

7480 


WRITE (06.3001 ) 

WRITE  (06.3000)  ^ 

IF ( I0FLAG5)  2060.2060.1170 

BEGIN  PLOTTING  ROUTINE 

1170  TIME  =0  

XN5=T IME2 
I COUNT  = 0 
R0=PMIN 
R 1 =PMAX 

WRITE. (06. 1180) 

1180  FORMAT  ("  THIS  IS  A PLOT  OF  FUNCTION  1 OR 

GO  TO  1222  

1200  R0  = EMIN  From  Line  8100 

R1=BMAX 

WRITE  (06.1202) 

1202  FORMAT ("  THIS  IS  A PLOT  OF  FUNCTION  2 OR 

GO  TO  1222  

1210  R0-XL  

WRITE (06. 1212) 

1212  FORMAT  ("  THIS  IS  A PLOT  OF  THE  RESPONSE  l: 
R 1 = U 

1222  WRITE  (06  » 1223)  TIME  -* — 


Line  8140 


PLOT  OF  THE  RESPONSE  FI 


::T  I ON  C“) 


!:T  I ON  D") 


"ION") 


WRITE <06. 1227)  R0.R1 

1227  FORMAT (5X. 1E10.3.47X . IE  10. 3) 

WRITE (06.1241) 

1241  FORMAT  ( 5 X , " I I 

WRITE (06.1246) 

1246  FORMAT ( V ) 

XN6= 10 . 

NCNT  = I COUNT  + 1 

DO  1650  J=  1 » N3+ 1 — < — 

GO  TO  (4340.4355, 1350) .NCNT 
4340  R = C(1,J) 

GO  TO  1360  

4355  R = D(1»J)  ‘ 

GO  TO  1360  

1350  R = Y < 1 , J)  -c- 1 

1360  IF ( XN5  .LT.  TIME2)  GO  TO  1630 

1420  IF (R  .GT.  Rl)  GO  TO  1600 

IF (R  .LT.  R0)  GO  TO  1600  

XN5=0 . 

CHARACTER  FuRM*8/"  "/ 

CHARACTER  A*1 
DATA  A/1H+/ 

RANGE-R 1 -R0 
PCRANGE=R/ (R1-R0) 

SH I FT:IPCRANGE*60 . 

KSHI FT  =SHIFT+5 . 

RESH IF T = SHI  FT -KSHIFT 

IF (RESHIFT  .GT.  0.5)  GO  TO  1455 

GO  TO  1456  

1455  KSHIFT  = KSHIFT+1  

1456  ENCODE (FORM, 1457) KSHIFT," X, A 1 
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7500 

7520 

7540 

7560 

7580 

7600 

7620 

7640 

7660 

7680 

7700 

7720 

7740 

7760 

7780 

7800 

7820 

7840 

7860 

7880 

7900 

79Z0 

7940 

7960 

7980 

8000 

8020 

3040 

3060 

8080 

8100 

3120C 

8140 

8160 

8180 

8200C 

8220C 

8240 

8260 

8280 

8300 

8320 

8340 

8360 

8380 

8400 

8420 

8440 

3460 

8480 

3500 

8520 

8540 

8560 


R = " . 1E14.8) 


1457  FORMAT ( “ ( “ . 1 2 » A4 . " ) " ) 

WRITE (06. FORM) A n 

IF ( XN6  .EQ.  10.)  GOTO  1400 

WRITE <06. 1381) 

1381  FORMAT ( 1 H+"  -") 

GOTO  1605  

1400  WRITE (06. 1401 ) -< 1 

1401  FORMAT (1H+  . " ---") 

XN6=0  , 1 

GO  TO  1605  >J 

1600  WRITE  (06. 1601  ) R 

1601  FORMAT  ( 1H+ » "OFF  SCALE:  R=",1E14.8) 

1605  CONTINUE  -c 

XN5  = 0 . 

XN6=XN6+1 
1630  XN5  = XN5+ 1 . 

T I ME  = T IME  + T I ME  1 

1650  CONTINUE — 

WRITE (06. 1661 ) 

1661  FORMAT  (5X."I I I I I.. 

T I ME  = T IME-T  I ME  1 

WRITE (06. 1681)  TIME  | 

1681  FORMAT (/. IX. "TMAX  = " . IE  14. 4) 

WRITE (06.3000) 

WRITE (06.3000)  I 

WRITE (06.3000) 

1700  I COUNT  = I COUNT  + 1 
T I M E = 0 . 0 

IF (I COUNT  .GT.  2)  GO  TO  2060 

IF ( I COUNT  .GT.  1)  GO  TO  1210 

Gr»  1Zr0 TO  Line  6660 

END  OF  PLOTTING  ROUTINE  I 

2060  CONTINUE * - -*■  • From  Line  6460 

STOP .END 

SUBROUTINE  QUACK (P . B . C . D . I . K . N1  .N2.TIME) 

THIS  SUBROUTINE  EXPANDS  THE  ORIGINAL  INPUT  FUNCTIONS  P AND  I 
GENERATES  TWO  NEW  FUNCTIONS  C AND  D AT  EQUAL  TIME  INTERVALS 
DIMENSION  P (2 .50) . B ( 2 . 50 ) . C ( 1 . 250 ) . D ( 1 . 250) 

IF(P(1.1)  .GE.  TIME)  GO  TO  3100  • 

IF<P(1.N1)  .LE.  TIME)  GO  TO  3120  

DO  3060  J=1 ,N1 

IF(P(1.J)  .GT.  TIME)  GO  TO  3070  , 

3060  CONTINUE  j 

3070  03=  <P(2.  J)  -P<2»  J-l)  )/  (P<  1 .J)  -Pd  . J-l)  )-<J 
Cd  »K)=P(2.J-1)+Q3*(TIME-F'  (l.J-1)  ) 

GO  TO  3170 1 

3100  C(1»K)=P(2.1)-*-  j — 

GO  TO  3170  -* 1 

3120  C(1»K)=P(2»N1)  -< 

3170  IF(B(1.1)  .GT.  TIME)  GO  TO  3250  . 

IF  (B  ( 1 . N2)  .LE.  TIME)  GO  TO  3270  1 

DO  3210  J= 1 . N2  I 

IF(B(1.J)  .GT.  TIME)  GO  TO  3220  • 

3210  CONTINUE  Y J " 

Figure  6.9  (Continued)  Program  CONVOLUT  (Continued) 


1 . 


To  Line  6660 
From  Line  6460 


TIME)  GO  TO 
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8580  3220  Q3=  (B  ( 2 > J>  -B  ( 2 » J - 1 ) ) / ( B ( 1 > J)  - B ( 1 > J - 1 ) ) 1 

8600  D(l,K)=B(2rJ-l)+Q3*(TIME-B(lr J-l) ) 

8620  GO  TO  3280 

8640  3250  D ( 1 » K) =B (2 1 1 ) 

8660  GO  TO  3280 

8680  3270  D(1*K)=B(2*N2) - 

8700  3280  RETURN  J END 
8720  STOP  5ENB 


Figure  6.9  (Conclusion)  Program  CONVOLUT  (Conclusion) 


If,  in  the  running  of  the  program.  Option  2 (Equation  6.2) 
is  selected,  this  step  is  bypassed,  and  function  E is  made 
numerically  equal  to  function  C. 

The  multiplications  by  which  the  integral  is  evaluated  are 
done  in  lines  5660  through  5800.  The  multiplication  process 
is  done  N3  times,  with  the  number  of  multiplications  increasing 
from  1 at  time  1,  to  N3  times  for  time  N3.  Over  the  interval  t, 
(TIMEl) , the  two  functions  are  assumed  to  have  constant  ampli- 
tude. A more  accurate  integration  routine  could  be  based  on 
Simpson's  rule 


y dx  “ -y-  (y0  + 4yx  + 2y2  + 4y3  + 2y4  + 2yn_2  + 4yn_x  + yn)  (6.4) 

but,  so  far,  this  has  not  seemed  necessary.  One  minor  complication 
in  using  Simpson's  rule  is  that  the  number  of  terms  to  be  used 
would  vary  from  step  to  step. 

The  minimum  and  maximum  values  of  the  response  are  found  in 
lines  5850  through  5960. 

The  values  of  the  functions  are  tabulated  in  lines  6020  and 

6300. 


Most  of  the  remainder  of  the  program  is  taken  up  with  a 
routine  that  plots  the  input  and  response  functions.  The  function 
to  be  plotted  is  selected  in  lines  7020  through  7160.  The  plotting 
routine  can  be  bypassed  entirely  by  making  I0FLAG5  = 0 in  the 
input  data. 


6.2.3  Notes  on  Input  Data 

The  format  of  the  input  data  is  shown  in  Figure  6.9.  The 
user  must  use  care  in  representing  some  functions  by  straight- 
line  segments.  The  simplest  type  of  function  to  represent  is 
the  elementary  ramp  function  shown  in  Figure  6.10a.  This  function 
need  be  represented  by  only  two  points,  one  at  t = 0 and  one  at 
t = 1.  Points  after  t = 1 need  not  be  entered,  since  the  program 
takes  the  coordinates  of  the  last  entry  to  pertain  to  all  subse- 
quent times,  as  well.  A function  with  discontinuities,  such  as 
Figure  6.10b,  requires  a bit  more  care,  in  that  the  function 
should  be  represented  at  times  just  before  and  just  after  the 
discontinuity.  Just  before  or  just  after  means  at  some  time 
before  or  after  the  next  increment  of  time  entered  as  TIME1. 
Accordingly,  the  first  discontinuity  of  Figure  6.10b  is  defined 
by  the  points  (t  = 0,  A = 0)  and  (t  = .001,  A = 3) . 


Time 

(b) 

Figure  6.10  Functions  With  Discontinuities 

(a)  Discontinuity  of  slope 

(b)  Discontinuity  of  amplitude 
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These  two  points  define  the  function  until  the  second  dis- 
continuity, this  being  defined  by  the  points  (t  = 0.3,  A = 3)  and 
(t  = 0.301,  A = 1).  The  last  coordinate  defines  the  waveform  for 
all  subsequent  times. 

The  accuracy  with  which  the  program  treats  the  functions 
depends  upon  the  size  of  the  computation  interval  TIME1 . The 
shorter  the  time  interval,  the  more  accurate  the  results,  but 
the  greater  the  computation  time  will  be.  While  the  program 
does  not  use  much  computation  time  as  computer  routines  go, 
great  accuracy  is  seldom  justified  for  the  type  of  use  to  which 
the  program  is  apt  to  be  put.  If  the  input  functions  are  to  be 
derived  from  oscillographic  measurements,  and  if  the  functions 
are  not  of  very  complex  waveshape,  then  representing  the  function 
at  100  - 200  points  will  give  an  accuracy  similar  to  that  with 
which  the  original  functions  are  known. 

6.2.4  Example  of  Usage  of  CONVOLUT 

To  illustrate  the  usage  of  CONVOLUT,  consider  the  elliptical 
cylinder  described  in  Section  4.7.  For  the  conductor  located  at 
the  center,  the  voltage  produced  by  a step-function  current  of 
1000  A would  be  as  shown  in  Figure  6.11.  The  object  of  the  calcu- 
lation is  to  determine  how  that  conductor  would  respond  to  a 
different  current  wave  having  the  shape  of  Figure  6.12. 


Microseconds 

Figure  6.11  Response  of  an  Elliptical  Cylinder  to  a Step 
Function  of  Current  (I  = 1000  Amperes  = 1 kA) 

(From  Figure  4.99) 
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10  20  30  40  50  60  70  60 


Mlcrossconda 

Figure  6.12  Arbitrary  Input  Current  (I  = 41  kA) 


The  data  file  that  describes  the  two  time-domain  functions 
is  shown  in  Figure  6.13.  The  data  in  this  file  is  represented 
by  the  dots  in  Figures  6.11  and  6.12.  The  material  produced  by 
CONVOLUT  is  shown  in  Figures  6.14  through  6.18.  Figure  6.14, 
the  first  part  of  the  output,  presents  the  original  input  data. 
Figure  6.15,  the  second  part  of  the  output,  gives  the  expanded 
input  functions  and  the  response  function.  Figures  6.16,  6.17, 
and  6.18  show,  respectively,  plots  of  the  step  function  response, 
the  arbitrary  input  function,  and  the  response  of  the  cylinder 
to  that  arbitrary  input. 


6.3  PROGRAM  TIFREQ 

6.3.1  Purpose  of  TIFREQ 

TIFREQ  is  a program  that  performs  a Fourier  transform  on  a 
time-domain  waveform.  The  waveform  may  be  described  by  paired 
values  of  time  and  amplitude.  The  points  at  which  the  waveform 
is  sampled  need  not  be  uniformly  spaced  in  time.  A complementary 
program  that  performs  the  inverse  transform,  frequency-to-time , 
is  FREQTI , which  is  described  in  Section  6.4. 
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1000 

1 

2000 

1 f 1 

3000 

24 

3010 

0F0 

3020 

5 f .004 

3030 

1 0 F . 0 1 3 

3040 

15 f .0265 

3050 

20  f . 0300 

3060 

25 f .0313 

3070 

30 t .0340 

3080 

35 f .0345 

3090 

40 f .0347 

3100 

45 f .0349 

3110 

50 f .0350 

3120 

60  f . 0353 

3130 

70 f .0355 

3140 

100 f .0355 

31 50 

2 0 0 0 f .03  8 0 

3160 

4000 f .0402 

•“i  -i 

O X / V. 

1 '?  0 f .0418 

3130 

8000  f . !:  4 30 

•-  j i 

. 3 000  f .0436 

3200 

12000  f .0440 

3210 

1 4000 f .0455 

3220 

1 6000  f .0450 

3230 

18000 f .0455 

3240 

20000 f . 0460 

4000 

15 

4015 

0 1 0 

4020 

2 f 5 

4030 

5f  16 

4040 

8 f 3 3 

4050 

1 1 f40 

4060 

14  f 40 

4070 

20  f 38 . 5 

4080 

25  f 39 . 5 

4090 

30  f 4 1 

4100 

35  f 40 

4110 

42  f 35 

4120 

50  F 26 

4130 

60 F 14.5 

4140 

6 8 f 7 .8 

4150 

83  F 0 

5000 

1 0 0 F 1 F 2 

Figure  6.13  Listing  of  Data  File  INCOFIL 
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******************************.  ******************** 


THIS  IS  THE  ORIGINAL  FORM  OF  THE  INPUT  DATA 


TIME 

AMPLITUDE 

TIME 

AMPLITUDE 

0. 

0. 

0. 

0. 

0.5000E 

01 

0. 

4000E-02 

0 . 2000E 

(31 

0.5000E 

01 

0. 1000 E 

02 

0. 

1300E-01 

0 . 5000E 

01 

0. 1600E 

02 

0. 1500E 

02 

0 . 

Z650E-0 1 

0 . 8000E 

01 

0 . 3300E 

02 

0. 2000E 

02 

0. 

3000E -0 1 

0. 1100E 

02 

0 . 4000E 

02 

0.2500E 

02 

0. 

3130E-01 

0. 1400E 

02 

0.4000E 

02 

0 . 3000E 

02 

0 . 

3400E-01 

0 . 2000E 

02 

0 . 3S50E 

02 

0.3500E 

02 

0. 

3450E-01 

0.2500E 

02 

0.3950E 

02 

0.4000E 

02 

0. 

3470E-01 

0.3000E 

02 

0.4100E 

02 

0.4500E 

02 

0. 

3490E-01 

0 . 3500E 

02 

0 . 4000E 

02 

0 . 5000E 

02 

0. 

3500E-0 1 

0 . 4200E 

02 

0 . 3500E 

02 

0.6000E 

02 

0. 

3530E-0 1 

0 . 5000E 

02 

0 . 2600E 

02 

0.7000E 

02 

0. 

3550E-0 1 

0 . 6000E 

02 

0. 1450E 

02 

0. 1000E 

03 

0. 

3550E-01 

0.6800E 

02 

0 . 7S00E 

01 

0 .20(30 E 

04 

0. 

3S00E-0 1 

0 . 3300E 

02 

0. 

0 . 4000E 

04 

0. 

4020E-0 1 

0. 

0. 

0.6000 E 

04 

0. 

4180E-01 

0. 

0. 

0 . S000E 

04 

0 . 

4300E-0 1 

0. 

0. 

0 . 1 00 0E 

05 

0. 

4360E-0 1 

0. 

0. 

0.1200E 

05 

0. 

4400E-01 

0. 

0. 

0. 1400E 

05 

0. 

4550E-0 1 

0 . 

0. 

0. 1600E 

05 

0. 

4500E-0 1 

0 . 

0. 

0. 1 ::00E 

05 

0. 

4550E-01 

0. 

0. 

0.2000E 

05 

0. 

4600E-01 

0. 

0. 

************************************************** 


SUP ERPOS I T I ON  1 MTEGRAL  C ALCULAT I ON 

COMP  I NT VL  TOTAL  I NT VL  PRNTG  INTVL 

0 . 1 0 0 0 E 0 i 0.1 0 0 0 E 0 0 0 . 2 0 0 0 E 0 1 

MINIMUM  AND  MAXIMUM  VALUES  OF  THE  RESPONSE  ARE 

0.  0.6866E  00 

Figure  6.14  First  Part  of  Tabular  Output 
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T 

FI  (T) 

F2  ( T ) 

F 1 *F2 

0. 

0. 

0. 

0. 

0.2000E 

01 

0. 1600E-02 

0.5000E 

01 

0.3000E 

-02 

0.4000E 

01 

0 . 3200E-02 

0.1233E 

02 

0. 1 140E 

-01 

0.6000E 

01 

0 . 5800E-02 

0.2167E 

02 

0.2772E 

-01 

0.8000E 

01 

0 . 9400E-02 

0.3300E 

02 

0.5863E 

-01 

0. 1000E 

02 

0. 1300E-01 

0.3767E 

02 

0 . 1 02 1 E 

00 

0. 1200E 

02 

0. 1840E-01 

0.4000E 

02 

0. 1619E 

00 

0 . 1 4 0 0 E 

02 

0 . 2330E-0 1 

0.4000E 

02 

0.2375E 

00 

0. 1600E 

02 

0 . 2720E-01 

0.3950E 

02 

0.3225E 

00 

0.1300E 

02 

0 . 2860E-0 1 

0.3900E 

02 

0.4073E 

00 

0.2000E 

02 

0 . 3000E-0 1 

0.3850E 

02 

0 . 482£E 

00 

0.2200E 

02 

0 . 3052E-01 

0.3890E 

02 

0.5384E 

00 

0.2400E 

02 

0. 3104E-01 

0.3930E 

02 

0.5716E 

00 

0.2600E 

02 

0.3184E-01 

0.3980E 

02 

0.5920E 

00 

0.2300E 

02 

0 . 3292E-01 

0.4040E 

02 

0.6071E 

00 

0.3000E 

02 

0. 3400E-01 

0.4100E 

02 

0 . 6221 E 

00 

0.3200E 

02 

0 . 3420E-0 1 

0. 4060E 

02 

0.6384E 

00 

0.3400E 

02 

0 . 3440E-01 

0 . 4020E 

02 

0.&560E 

00 

0.3600E 

02 

0. 3454E-01 

0.3929E 

02 

0.6722E 

00 

0.3300E 

02 

0.3462E-01 

0.3786E 

02 

0.6818E 

00 

0.4000E 

02 

0.3470E-01 

0.3643E 

02 

0.6866E 

00 

0.4200E 

02 

0. 3478E-01 

0.3500E 

02 

0.6854E 

00 

0.4400E 

02 

0 . 3486E-0 1 

0.3275E 

02 

0.6787E 

00 

0.4600E 

02 

0 . 3492E-01 

0.3050E 

02 

0.6671E 

00 

0.4300E 

02 

0.3496E-01 

0.2825E 

02 

0.6514E 

00 

0.5000E 

02 

0 . 3500E-0 1 

0.2600E 

02 

0.631  IE 

00 

0.5200E 

02 

0 . 3506E-01 

0.2370E 

02 

0.6079E 

00 

0.5400E 

02 

0. 3512E-01 

0.2140E 

02 

0.5816E 

00 

0.5600E 

02 

0.3518E-01 

0. 1910E 

02 

0.5522E 

00 

0.5300E 

02 

0 . 3524E-01 

0. 1680E 

02 

0.5203E 

00 

0.6000E 

02 

0 . 3530E-0 1 

0. 1450E 

02 

0.4869E 

00 

0.6200E 

02 

0 . 3534E-0 1 

0. 1283E 

02 

0.4527E 

00 

0.6400E 

02 

0 . 353SE-01 

0. 1 1 15E 

02 

0.4177E 

00 

0.6600E 

02 

0.3542E-01 

0.9475E 

01 

0.3826E 

00 

0.6300E 

02 

0 . 3546E-0 1 

0.7800E 

01 

0.3480E 

00 

0.7000E 

02 

0 . 3550E-01 

0.6760E 

01 

0.3142E 

00 

0.7200E 

02 

0 . 3550E-0 1 

0.5720E 

01 

0.2818E 

00 

0.7400E 

02 

0 . 3550E-0 1 

0.4680E 

01 

0.2514E 

00 

0.7600E 

02 

0 . 3550E-01 

0.3640E 

01 

0.2232E 

00 

0.7300E 

02 

0 . 3550E-0 1 

0.2600E 

01 

0. 1962E 

00 

0.8000E 

02 

0 . 3550E-01 

0. 1560E 

01 

0. 1710E 

00 

0.8200E 

02 

0 . 3550E-01 

0.5200E 

00 

0. 1476E 

00 

0.8400E 

02 

0. 3550E-01 

0. 

0. 1259E 

00 

0.8600E 

02 

0 . 3550E-0 1 

0. 

0. 1056E 

00 

0.8300E 

02 

0 . 3550E-01 

0. 

0.8687E 

-01 

0.9000E 

02 

0. 3550E-01 

0. 

0.7024E 

-01 

0.9200E 

02 

0.3550E-01 

0. 

0.5572E 

-01 

0.9400E 

02 

0 . 3550E-01 

0. 

0 . 435  IE 

-01 

0.9600E 

02 

0 . 3550E-0 1 

0. 

0.3443E 

-01 

0.9300E 

02 

0 . 3550E-0 1 

0. 

0.2846E 

-01 

0. 1000E 

03 

0 . 3550E-01 

0. 

0. 

Figure  6.15  Second  Part  of  Tabular  Output 
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Microseconds 


Figure  6.16  Step  Response  of  Elliptical  Cylinder  as 
Plotted  by  Program 


Microseconds 


Figure  6.17  Arbitrary  Input  Function  as  Plotted  by  Program 
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Microseconds 

Figure  6.18  Response  of  Cylinder  to  Arbitrary 
Input  Shown  on  Figure  6.17 


6.3.2  Method  of  Operation 

To  obtain  the  mathematical  derivation  of  the  time-to-frequency 
conversion  program,  TIFREQ,  let  the  generalized  time  function  A(t) 
be  represented  by  straight-line  segments,  of  which  a typical  seg- 
ment is  shown  in  Figure  6.19  over  the  region  from  t = T(J)  to 
t = T ( J+l ) . 


Thus 


A(t)  = A (J)  + 


[A  ( J + 1)  - A ( J)  ] 
[T  ( J + 1)  - T ( J)  ] 


X 


[t  - T (J)  ] 


(6.5) 


Let 


A ( J + 1)  - A (J)  _ (6.6) 

t ( j +1)  - u5)  ~ M(J) 


A ( J + 1) 


<D 

3 A(J) 

•H 


T ( J)  t 

Time 


T ( J + 1) 


Figure  6.19  Generalized  Time  Function  Alt) 


Then 

A (t)  = A (J)  - M ( J) 

x T (J) 

+ M ( J)  x t 

(6.7) 

Also  let 

A ( J)  - M ( J)  x 

T (J)  = 

B ( J) 

(6.8) 

Then 

A (t)  = B ( J) 

+ M ( J) 

x t 

(6.9) 

The  Fourier  Transform  is  defined  as 


„ , -io)t  .. 

A (t)  e dt 


(6.10) 


The  contribution  towards  A(oj)  of  the  portion  of  the  A(t)  waveform 
from  T ( J)  to  T ( J+l ) is,  for  u>  > 0, 


’(J  + 1) 


. ...  -iut  .. 
A(t)  e dt 


(6.11) 


rT  ( J + 1) 


B ( J)  e~ia)t  dt  + f 

■'T  ( J) 


T ( J + 1) 


M ( J)  te_ia)t  dt 


1 B ( J)  -not  . (-loot  - 1)  M ( J)  -ltot 

■* e + — : — r* e 

to  (~iu))d 


T ( J + 1) 


(6.12) 


(6.13) 


= j B(J)  e-ia)t  + 31  M(J)  iut  + MW  e_jut 


T ( J + 1)  (6.14) 


i B (J) 


(cos  ait  - i sin  Got) 


it  M (J)  , . 

+ d (cos  tot  - i sin  Got) 

GO 


M ( J ) 

+ — o—  (cos  cot  - i sin  Got) 


T ( J + 1) 


(6.15) 


Real  and  imaginary  parts  are  separated  in  the  form 


A (to)  = a(Go)  + i B(oo) 


(6.16) 


Thus 


n / j \ 

a = — — (sin  [go  x t(J  + 1)]  - sin  [go  x T(J)]) 

M f "T  \ 

+ — — (T(J  + 1)  sin  [to  X T ( J+l)  ] - T ( J)  sin  [go  x T(J)]) 

+ ^'2J>  (cos  [go  x T (J+l)  ] - cos  [go  x T(J)]) 

6 = (cos  [go  x T(J  + 1)]  - cos  [go  x T (J)  ] ) 

+ (T  (J+l)  cos  [go  x T(J  + 1)  - T ( J)  cos  [to  x T(J)]) 

- M~~ 2 ^ (sin  [go  x T (J  + 1)]  - sin  [go  x T(J)]) 


(6.17) 


(6.18) 


In  polar  form 


A (to)  = Y /* 


(6.19) 
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where 


and 


When  uj  = 0 


Y 

= V 

ra2  + B2 

(6.20) 

6 

- '(f) 

(6.21) 

0 

T ( J + 1) 

f 

T(J  + 1) 

A (u>) 

■J 

A (t)  e°  dt  = 

J A (t)  dt 

(6.22) 

T(J) 

T(J) 

T2 

A(oj) 

= 

J (B(J)  + M (J)  x t) 

dt 

(6.23) 

T1 

T ( J + 1) 

(6.24) 

1 

A(w) 

= 

B(J)  x t + x t2  I 

J 

T(J) 

A (uj) 

= B (J)  [T(J  + 1)  - T ( J) ] 

*■  [ (T  (J  + l))2  - 

(T(J))2] 

(6.25) 

This  is  the  real  part.  The  imaginary  part  at  u)  = 0 is  zero. 


A listing  of  the  program  TIFREQ  is  shown  in  Figure  6.20.  The 
data  required  to  operate  the  program  are  shown  in  the  early  comments 
of  the  listing. 

The  program  is  fairly  well  documented  in  the  listing.  The 
input  data  is  read  into  arrays  F (for  frequency)  and  A (for 
amplitude).  After  it  is  read,  it  is  printed  out  for  inspection 
and  for  the  record.  The  printing  is  under  the  control  of  character 
IOFLAG6 . In  this  version  of  the  program,  IOFLAG6  is  set  in- 
ternally to  1,  the  value  that  signifies  that  the  input  data  is 
to  be  printed.  If  the  user  were  to  desire  the  option  of  printing 
or  not  printing  the  data,  a value  of  IOFLAG6  could  be  read  in  as 
data.  A value  of  0 for  IOFLAG6  would  suppress  the  printing. 

After  the  data  is  read  and  printed,  the  auxiliary  arrays  M 
and  B are  then  formed  according  to  equations  6.6  and  6.8. 

Equation  6.15  is  then  evaluated  over  each  of  the  time  intervals 
given  by  the  input  data,  and  the  results  are  summed  to  give  the 
integral  over  the  total  time  interval  covered  by  the  input  data. 

The  evaluations  are  done  in  the  subroutine  FOURIER. 

When  F=0 , a separate  evaluation  of  equation  6.25  is  done  in 
lines  3660  through  3960. 
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I FREQ 


1020C 
1040  C 
1060C 
1080C 

1 100c 

1 i20C 
1140C 
1160C 
1 1 800 
1200C 
1220C 
1Z40C 
1260C 
1280C 
1300C 
13Z0C 
1340C 
1360C 
1380C 
1400C 
1420C 
1440C 
1460C 
14800 
1500C 
1520C 
1540C 
1560C 
1580C 
1 6000 
1620C 
1640C 
1660C 
16S0C 
1700C 
17Z0C 
1740C 
174.0C 
1780C 
1800C 
1820C 
1840C 
1860C 
1880C 
1900C 
1920C 
1940C 
1960C 
1980C 
2000C 
2020C 
2040C 

I2060C 
2080C 


PROGRAM  NAME  IS  I 

FOR  COMPLETE  INFORMATION  ON  THIS  PROGRAM  CONTACT 

F.A.  FISHER 
BLDG  9 ROOM  200 
GENERAL  ELECTRIC  CO. 

100  WOGDLAWN  AVE. 

PITTSFIELD*  MASS  01201 

PHONE  (413) -494-4380 

THIS  PROGRAM  ACCEPTS  AN  ARBITRARY  FUNCTION  OF  TIME  AND  PROVIDES  A 
FOURIER  TRANSFORM  OF  THAT  TIME  FUNCTION. 

THE  PROGRAM  REQUIRES  DATA  FROM  AN  INPUT  FILE  "TIFRFIL" » THE 
CHARACTERISTICS  OF  WHICH  FOLLOW* 

1000  KK 

KK  IS  THE  NUMBER  OF  PAIRS  OF  DATA*  TIME  AND  AMPLITUDE 
THAT  WILL  BE  USED  TO  DESCRIBE  THE  TIME  FUNCTION 

1010  FSTART* DECADES 

FST ART  IS  THE  FIRST  FREQUENCY  (OTHER  THAN  ZERO)  AT 
WHICH  A CALCULATION  WILL  BE  MADE. 

DECADES  IS  THE  NUMBER  OF  DECADES  FOR  WHICH  THE 
CALCULATIONS  WILL  BE  MADE. 

2000  TIME*  AMPLITUDE 

2010  TIME,  AMPLITUDE 

2020  TIME*  AMPLITUDE 

THESE  ARE  PAIRED  VALUES  OF  TIME  AND  AMPLITUDE  THAT 
DESCRIBE  THE  TIME  FUNCTION.  THE  TIME  INTERVALS  DO 
NOT  HAVE  TO  BE  OF  EQUAL  WIDTH.  USE  AS  MANY  LINES 
OF  DATA  AS  NECESSARY. 

THE  PROGRAM  AS  HERE  PRESENTED  REQUIRES  THE  DATA  FILE 
TO  HAVE  LINE  NUMBERS.  IT  ALSO  RESTRICTS  THE  INDIVIDUAL 
LINES  OF  DATA  TO  HAVE  ONLY  ONE  PAIR  OF  DATA  PER  LINE. 

THE  PROGRAM  ASSUMES  THAT  THE  TIME  FUNCTION  IS  DESCRIBED 
IN  UNITS  OF  SECONDS.  THE  OUTPUT  FREQUENCIES  ARE  THEN 
PRESENTED  IN  HERTZ  (HZ)  AND  THE  SPECTRAL  DENSITIES 
PRESENTED  IN  UNITS  OF  VOLT-SECONDS  PER  CYCLE 
BANDWIDTH. 

IF  TIME  IS  PRESENTED  IN  MILLISECONDS  THE  FREQUENCIES 
WILL  BE  PRESENTED  IN  KILOHERTZ  (KHZ)  AND  SPECTRAL 
DENSITIES  IN  VOLT-MILLISECONDS*  REGARDLESS  OF  WHAT 
THE  HEADINGS  SAY.  IF  TIME  IS  IN  MICROSECONDS  THE 


Figure  6.20  Program  T I FREQ 
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2100C 
2 120C 
2140C 


CORRESPONDING  DATA  WILL  BE  IN  MEGAHERTZ  (MHZ)  AND 
VOLT -MICROSECONDS. 


2180  DIMENSION  T ( 1 10) , B ( 1 10) . M ( 1 1 0) »F ( 1 10) , A ( 1 10 ) 

2200  DOUBLE  PRECISION  A , T * M , B .REAL  4 , OMEGA .REAL  1 , REAL2  , X I MAG4 , T OT AL 

2220  DOUBLE  PRECISION  PHASE , POWER , OMEGINV  * OMEGSQ , REAL3 , X IMAG1 

2240  DOUBLE  PRECISION  X IMAG2 , X IMAG3 

2260  INTEGER  OUTFILE 

2280  INTEGER  DECADES 

2300  INFILE =8 

2320  OUTFILE* 10 

2340  I0FLAG6* 1 

2360  CALL  QPENF  < 09  * "T IFRF IL  * " * I ST AT  , 1 , 0 , 1 ) 

2380  100  FORMAT  ("  fr**************#****************-*******************#11) 

2400  110  FORMAT <"  ") 

2420  WRITE(06, 1 10) 

2440  WRITE (06* 1 10) 

2460  WRITE (06* 100) 

2480  WR I TE ( 06  * 110) 

2500  WRITE (06* 120) 

2520  WRITE (06. 110) 

2540  120  FORMAT <"  THIS  IS  THE  TIME  DOMAIN  INPUT  DATA") 

2560  WRITE (06. 1 10) 

2580  PI =3. 1415926536 
2600  TWOPI =2 . *P I 

2620C  

2640C  THESE  ARE  THE  BASIC  FREQUENCIES  AT  WHICH  THE  OUTPUT  WILL  BE  PRESENTED 
2660  DATA  F(l)/l./,F<2)/1.5/,F<3)/2./,F(4)/3./,F(5)/4./,F<6)/5./,F<7)/6./ 
2680  DATA  F (8) /7./.F ( 9 ) / 8 . / , F (10) /9./ 

2700C  

2720C  IN  THE  FOLLOWING  SECTIONS  THE  INPUT  DATA  IS  READ  AND  PRINTED 
2740C  INPUT  OF  TABULATED  DATA  FROM  DATA  FILE 
2760  READ (09  * 6096 ) LINE  * KK 
2780  6096  FORMAT (V) 

2800  READ  (09  *6096)  LINE  .FS'TART  . DECADES 

2820  DO  150  1*1*10  -< 

2840  F ( I > *F  < I ) *FSTART 
2860  150  CONTINUE  1 

2880  DO  170  K*  1 * KK  — < , 

2900  160  READ (09  » 6096 . END =6 1 50 ) LINE  * T ( K ) . A ( K) 

2920  KSAVE-K 

2940  I F (K  .GT.  1)  GO  TO  6136 
2960  GO  TO  170 

2980  6136  IF  (T (K) ) 6150.6150.170 

3000  170  CONTINUE  

3020  6150  IF  (I0FLAG6  .EG.  0)  GO  TO  250  

3040  WRITE (06*220) 

3060  220  FORMAT  ( / » 3 X . "TIME", 1 1 X * "AMPLITUDE" ) 

3080  WRITE  (06,240)  <T <K) , A <K) ,K= 1 , KK) 

3100  240  FORMAT  (IX, 1E9 . 3 , 8X , 1 £9 . 3 ) 

3120  250  CONTINUE  — * 

3140C  THIS  ENDS  THE  READING  AND  PRINTING  OF  INPUT  DATA 
3160C:  - 


6150*6150*170 


Figure  6.20  (Continued)  Program  T I FREQ  (Continued) 
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31S0C  THE  FOLLOWING  LINES  PRINT  THE  OUTPUT  HEADINGS 
3200  WRITE (06. 110) 

3220  WRITE (06,100) 

3240  WRITE <06 , 110) 

3260  WRITE ( 06  , 1 30) 

3280  130  FORMAT ("  THIS  IS  THE  FOURIER  TRANSFORM  OF  THE  ABOVE  DATA") 

3300  WRITE  (06 1 1 10) 

3320  WRITE  (06,290' 

3340  290  FORMAT (///, "FREQUENCY  ",  7 X » "REAL", 6X IMAGINARY  ", 5X , "TOTAL" » 6X , 
33601'  "PHASE"  , SX  . "POWER" ) 

3380  WRITE  (06,310) 

3400  310  FORMAT (3X , "HZ" ,10X, "VOLT-SEC". 4X , "VOLT-SECS 4X , "VOLT-SEC" r 
3420S.  4X  , "DEG"  » 6X  » " (VOLT -SEC. 2") 

3440C  THIS  ENDS  THE  PRINTING  OF  HEADINGS 
34601':  


3520  WFcITE  (06. 110) 

3540  DO  350  J=  1 » KSAVE  — C 

3560  M(  J)  = ( A (<J  + 1 ) -A  <J>  ) / (T  (J+l)  -T  (v:  , 

B (U)  = A ( J)  -M  (J)  *T  ( J ) 

3600  350  CONTINUE  

3640C  

3660C  THE  FOLLOWING  ROUTINE  CALCULATES  THE  DC  COMPONENT  OF  THE 
3680C  TRANSFORM!  REAL 4 
3700  REAL4-0. 

3720  FREQ-0 . 

>740  QMEGA= 0 . 

3760  DO  43(3  J=1,KSAVE+1  — -i 

3780  REALISE  ( J)  *(T(JH) -T(J)  ) 

3800  REAL2  =M(J)*(.5)MT ( J+ 1 ) *T ( J+ 1 ) -T ( J ) #T ( J) ) 

3020  REAL4-REAL 1+REAL2+REAL4 

3040  430  CONTINUE  

3860  X I MAG4 -0 . 

3880  TOTAl-REAL 4 
3900  F'HASE-0. 

3920  POWER -TOT AL**2 . 

394;3  WRITE  (06. 480)  FREQ  . REAL4  . X IMAG4 . TOTAL  . PHASE . POWER 

3960  480  FORMAT  ( 1 X . 1129 . 3 . 4 X » 1 E9 . 3 . 2 X . 1 E 10 . 3 . 3X  . 1 E9 . 3 . 2 X . 1 E 1 0 . 3 . 4X  . 1 E9 . 3 ) 
3980C  THIS  ENDS  THE  ROUTINE  THAT  CALCULATES  THE  DC  COMPONENT 
4000C  

4020C  WE  WILL  NOW  START  THE  ROUTINE  FOR  CALCULATING  THE  TRANSFORM 
4 0 4 0 C AT  FREQUENCIES  GREATER  THAN  ZERO. 

4060  AFREG  -FREQ 
4080  AF(EAL4  = REAL4 

4100  DO  59(3  1 = 1.  DECADES  . 

4120  DU  58(3  L=  1 . 10  i ; 

414(3  FREQ=F  (L)  *(  10 . ■*•*  ( I - 1 ) ) 1 1 

4160  CALL  FOURIER (FREQ. KSAVE. REAL4, XI MAG4. TOTAL. POWER. PHASE, T.E.M) 

4180  WRITE (06,576)  FREQ , RE AL4 , X I MAG4 , TOTAL » PHASE , POWER 

4200  576  FORMAT (IX , 1E9 . 3 , 4X , 1E9 . 3 , 2X , IE  10 . 3 , 3X , 1 E9 . 3 , 2X , 1 E 10 . 3 , 4X , 1E9 .3) 
4220  578  FORMAT (2E 1 4 . 8 ) . • 

424(3  580  CONTINUE J 


Figure  6.20  (Continued)  Program  T I FREQ  (Continued) 


4260 

4280 

4300 

4320 

4340 

4360 

4380C 

4400C 

4420C 

4440 

4460 

4480 

4500 

4520 

4540 

4560 

4580 

4600 

4620 

4640 

4660 

4680 

4700 

4720 

4740 

4760 

4780 

4800 

4820 

4840 

4860 

4880 

4900 

4920 

4940 

4960 

4980 

5000 

5020 

5040 

5060 

5080 

5100 

5120 


590  CONTINUE 
WRITE (06, 1 10) 
WRITE <06* 100) 
WRITE (06* 110) 
9999  CONTINUE 
STOP  *END 


THE  FOLLOWING  SUBROUTINE  EVALUATES  THE  EXPRESSIONS  BY  WHICH 
INTEGRALS  ARE  TAKEN 

SUBROUTINE  FOURIER (FREQ* IKSAVE * REAL4 * X I MAG4 * TOTAL » POWER  * PHASE  * T * E * M ) 
DOUBLE  F'REC  I SI  ON  REAL4 , X IMAG4  * TOTAL  * POWER  * PHASE  * T * E * M 
DIMENSION  TI110)  , B ( 1 1 0 ) * M ( 1 1 0 ) 

PI =3 . 14159265367 
TWOF'I  = 2 . *P I 
OMEGA=TWuP I *FREQ 
OMEGINV=l. /OMEGA 
0MEGSQ=QMEGINV**2 
REAL4=0 . 

XIMAG4=0. 

DO  10280  I NBEX  = 1 , 1 KSAVE+  1 -< -j 

SIN1=DSIN (OMEGA »T( INDEX) ) 

SIN2=DSIN (OMEGA*T ( INDEX+1 ) ) 

COS l=DCOS(OMEGA#T (INDEX) ) 

C0S2=DC0S ( OMEGA* T (INDEX  + 1 ) ) 

REAL1=B( INDEX) *OMEGINV* (SIN2-SIN1 ) 

REAL2:=M(  INDEX)  *OMEGINV*(T(  INDEX+1  )*SIN2-T  (INDEX)  *S INI ) 

REALS^M ( INDEX ) *GMEG3Q* (C0S2-C0S1 ) 

REAL4=REAL1+REAL2+REAL3+REAL4 
XIMAG1=B( INDEX) *OMEGINV* (C0S2-C0S1) 

XIMAG2  = M( INDEX ) *OMEGINV*(T ( INDEX+1 ) *COS2-T  ( INDEX ) *COS 1 ) 

XIMAG3=M ( INDEX ) *OMEGSQ* (SIN2-SIN1 ) 

XIMAG4=XIMAG1+XIMAG2-XIMAG3+XIMAG4 
P0WER=REAL4**2+XIMAG4**2 
TOTAL-DSQRT (POWER) 

PHASE=180.*(1/P I)*DATAN(XIMAG4/REAL4) 

IF (REAL4  .LT.  0.)  GO  TO  10240 

GO  TO  10280  — 

10240  IF ( X IMAG4  .LT.  0.)  GO  TO  10270—1 
PHASE=180. +PHASE  I 

GO  TO  10280  

10270  PHASE  = -180. -PHASE  ^ 1 

10280  CONTINUE  -« J 

RETURN  * END 
STOP  *END 


Figure  6.20  (Conclusion)  Program  TIFREQ  (Conclusion) 
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l 


In  the  program,  the  following  representations  are  used: 

REAL4  = Real  part  of  transform  , , „ , . 

(6.26) 

= REALl  + REAL2  + REAL 3 


where 

n / t \ 

REALl  = (sin  [w  x T(J  + 1)]  - sin  [u  * T(J)])  (6.27) 

w 

REAL2  = (T  ( J + 1)  sin  [w  x T(J+1)]  - T(J)sin[w  * T(J)])  (6.28) 

(l) 

REAL3  = (cos  [u  x T(J+1)]  - cos  [ u x T(J)  ] ) (6.29) 

and  where 


SINl  = Sin 

[u)X  T (J+l)  ] 

(6.30) 

SIN2  = Sin 

[wX  T (J)  ] 

(6.31) 

C0S1  = Cos 

[u)X  T (J+l ) ] 

(6.32) 

C0S2  = Cos 

[u)X  T (J)  ] 

(6.33) 

Also 

XIMAG4  = Imaginary  part  of  transform 

= XIMAG1  + XIMAG2  - XIMAG3  (6.34) 

where 


XIMAGl 

XIMAG2 

XIMAG3 


B (J) 

U 


(cos  [ 0)  x T(J  + 1)]  - cos  {to  x T (J)  ] ) 


M(J) 

u 


M(J) 


(T  ( J+l)  cos  [(jo  x T ( J + 1)  - T (J) cos  [u>  x T(J)]) 
(sin  [u  x T(J  + 1)]  - sin  [ w x T(J)]) 


(6.35) 

(6.36) 

(6.37) 


33' 


6.3.3  Example  of  Usage  of  TIFREQ 


As  an  example  of  usage  of  TIFREQ,  let  us  determine  the  Fourier 
transform  of  the  time-domain  pulse  shown  (on  two  different  time 
scales)  in  Figure  6.21. 


us  (Scale  B) 


Figure  6.21  Time-Domain  Test  Wave 

The  input  data  for  TIFREQ  are  shown  in  Figure  6.22.  The  out- 
put data  is  shown  in  Figures  6.23  and  6.24.  A plot  of  the  real 
and  imaginary  portions  of  the  transform  is  shown  in  Figure  6.25. 

A plot  of  the  total  response  (which  would  normally  be  obtained  by 
measurement  with  a spectrum  analyzer)  is  shown  in  Figure  6.26. 

6.4  PROGRAM  FREQTI 

6.4.1  Purpose  of  FREQTI 

FREQTI  is  a program  that  performs  an  inverse  Fourier  trans- 
form of  a frequency-domain  system  response  and  gives  the  corres- 
ponding time-domain  response.  The  frequency-domain  data  are 
described  by  paired  values  of  frequency  and  amplitude.  The 
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1 

I 


1000  39 

1 0 1 0 1 0 i 6 

2000  0f0 

2010  IE-7  r 1 . 5 
2020  2E  - 7 f 3 . 1 
2030  3E-7  f 4 . 6 
2040  4E - 7 f 6 . 2 
2050  5E-7  f 7 . 2 
2060  6 E - 7 f 3 . 1 
2080  8E- 7 f9 . 5 
2100  lE-fc f 10 . 5 
2120  1 . ZE-6  f 1 1 . 5 
2140  1 . 4 E - 6 f 12.3 
2160  1 . 6 E - 6 f 1 3 
2130  1 . 8 E - 6 f 1 3 . 6 
2200  2 . 0E-  6 f 1 4 . 0 
2250  2 . 5E -6  f 1 4 . 8 
2300  3E  * 6 f 15.40 
2350  3 . 5E-6 f 1 5 . 7 
2400  4 . 0E - 6 f 16. 1 
, 405  4 . 5 E - 6 f 16.3 
2410  5E-6f 16. 4 
2415  5 . 5 E - 6 f 16.5 
2420  6E-6 f 16.6 
2425  6 .5E-6  f 16 . 62 
2430  7 E - 6 f 16.6 
2435  7 . 5E-6  f 1 6 .50 
2440  8E - 6 f 1 6 . 4 
2450  9E -6  f 16.0 
2460  1 E - 5 f 15.5 
2465  1 . 5E-5  f 13.0 
2470  2E-5f  I 1 .2 
2475  2 . 5E-5  f 9 . 7 
2480  3E-5  f3 . 5 
2490  4E -5  f 6 . 5 
2500  5E -5  f 5 
2510  6E-5 f 3 . 7 
2520  7 E - 5 f 2 . 7 
2525  8E-5  f 1 . 6 
2530  9E-5  f (3 . 6 
2540  1 E - 4 f 0 

Figure  6.22  Input  Data  for  TIFREQ 


'*«**«***»#»******««*'»**«***#**'»*«***#***»*##***«*«'»* 


THIS  IS  THE 


TIME 

0 . 

0. 100E-06 
0.200E-06 
0 . 300E-06 
0.400E-06 
0 .500E-06 
0 . 600E-06 
0 . 800E-06 
0 . 100E-05 
0. 120E-05 
0. 140E-05 
0 . 160E-05 
0 . 180E-05 
0 . 200E-05 
0 . 250E-05 
0 . 300E-05 
0 . 350E-05 
0 . 400E-05 
0 . 450E-05 
0 . 500E-05 
0.550E-05 
0 . 600E-05 
0. 650E-05 
0.700E-05 
0.750E-05 
0 . 800E-05 
0.900E-05 
0. 100E-04 
0.  150E-04 
0.200E-04 
0 . 250E-04 
0.300E-04 
0.400E-04 
0.500E-04 
0 . 600E-04 
0.700E-04 
0 . 800E-04 
0 . 900E-04 
0.100E-03 

Figure 


TIME  DOMAIN  INPUT  DATA 


AMPLITUDE 

0. 

0. 

150E 

01 

0. 

310E 

01 

0. 

460E 

01 

0. 

62  0E 

01 

0. 

72  0E 

01 

0. 

S10E 

01 

0. 

95  0E 

01 

0 . 

105E 

02 

0. 

1 15E 

02 

0. 

123E 

02 

0 . 

130E 

02 

0. 

1 36E 

02 

0 . 

140E 

02 

0. 

14SE 

02 

0. 

154E 

02 

0. 

157E 

02 

0. 

16 1 E 

02 

0. 

163E 

02 

0. 

164E 

02 

0. 

165E 

02 

0. 

1 6 6 E 

02 

0. 

1 66E 

02 

0. 

166E 

02 

0. 

165E 

02 

0. 

1 64E 

02 

0. 

160E 

02 

0. 

155E 

02 

0. 

1 30E 

02 

0. 

1 12E 

02 

0. 

970E 

01 

0 . 

85  0E 

01 

0 . 

65  0E 

01 

0. 

50  0E 

01 

0. 

370E 

01 

0. 

270E 

01 

0. 

160E 

01 

0. 

600E 

00 

0. 


.23  First  Part  of  TIFREQ  Output  Data 
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*####*♦♦###*•###****#■»**#******•»#**#********#*#****■** 


THIS  IS  THE  FOURIER  TRANSFORM  OF  THE  ABOVE  DATA 


FREQUENCY 


HZ 

0. 

0. 

, 100E 

02 

0. 

. 150E 

02 

0. 

. 200E 

02 

0. 

, 300E 

02 

0. 

, 400E 

02 

0, 

. 500E 

02 

0. 

. 600E 

02 

0, 

. 700E 

02 

0. 

. 800E 

02 

0. 

, 900E 

02 

0. 

, 100E 

03 

0, 

, 150E 

03 

0. 

, 200E 

03 

0. 

. 300E 

03 

0. 

. 400E 

03 

0. 

, 500E 

03 

0. 

. 600E 

03 

0. 

. 700E 

03 

0. 

, 800E 

03 

0. 

. 900E 

03 

0. 

, 1 00E 

04 

0. 

, 150E 

04 

0. 

, 200E 

04 

0. 

. 300E 

04 

0. 

400E 

04 

0. 

500E 

04 

0. 

, 600E 

04 

0. 

700E 

04 

REAL 

VOLT-SEC 

0.620E-03 
0.622E-03 
0.622E-03 
0 . 62  IE-03 
0 . 6 2 0 E - 0 3 
0. 620E-03 
0 . 620E-03 
0 . 620E-03 
0 . 6202-03 
0.620E-03 
0 . 620E-03 
0.620E-03 
0 • 6 2 0 E - 0 3 
0 . 620E-03 
0.619E-03 
0.61 8E-03 
0 . 6 1 6 E - 0 3 
0.615E-03 
0.613E-03 
0 . 610E-03 
0. 608E-03 
0 . 605E-03 
0 . 5S6E-03 
0.56  IE -03 
0 . 494E-03 
0.41 2E-03 
0. 32 7E -03 
0 . 246E-03 
0. 17SE-03 


IMAGINARY 

VOLT-SEC 


0. 


-0. 

, 11  IE 

-05 

-0, 

, 1 66E 

-05 

-0, 

. 2 2 1 E 

-05 

-0. 

. 332E 

-05 

-0. 

, 442E 

-05 

-0, 

. 553E 

-05 

-0, 

. 664E 

-05 

-0, 

. 774E 

-05 

-0 

. 885E 

-05 

-0. 

, 995E 

-05 

-0. 

, 11  IE 

-04 

-0, 

. 166E 

-04 

-0, 

.22  IE 

-04 

-0, 

.33  IE 

-04 

-0, 

.44  IE 

-04 

-0. 

,55  IE 

-04 

-0. 

, 660E 

-04 

-0 

. 768E 

-04 

-0, 

. 876E 

-04 

-0, 

. 982E 

-04 

-0  , 

. 109E 

-03 

-0. 

, 1 60E 

-03 

-0. 

, 207E 

-03 

-0, 

. 286E 

-03 

-0. 

, 340E 

-03 

-0. 

, 36 ZE 

-03 

-0  . 

. 370E 

-03 

-0. 

, 353E 

-03 

TOTAL 

VOLT-SEC 

0.620E-03 
0 . 622E-03 
0.622E-03 
0.62 IE- 03 
0 . 620E-03 
0. 620E-03 
0.620E-03 
0 . 620E-03 
0. 620E-03 
0.620E-03 
0 . 620E-03 
0. 620E-03 
0.620E-03 
0 . 620E-03 
0. 620E-03 
0.619E-03 
0 . 619E-03 
0 . 61 SE -03 
0.617E-03 
0.617E-03 
0. 616E-03 
0 . 6 1 5E - 03 
0 . 607E-03 
0.598E-03 
0.570E-03 
0.534E-03 
0. 492E-03 
0 . 4 4 4 E - 0 3 
0 . 39 5 E • 03 


PHASE 


DEG 

0 . 

-0. 

102E 

00 

-0. 

1 53E 

00 

-0. 

204E 

00 

-0 . 

30  7E 

00 

-0. 

409E 

00 

-0. 

51  IE 

00 

-0. 

61 3E 

00 

-0. 

7 15E 

00 

-0. 

818E 

00 

-0. 

920E 

00 

-0. 

1 02E 

01 

-0. 

1 53E 

01 

-0. 

20  4E 

01 

-0. 

307  E 

01 

-0. 

409E 

01 

-0. 

51  IE 

01 

-0. 

613E 

01 

-0. 

715E 

01 

-0. 

816E 

01 

-0. 

9 1 8 E 

01 

-0. 

1 02E 

02 

-0. 

153E 

02 

-0. 

203E 

02 

-0. 

30  IE 

02 

-0. 

395E 

02 

-0. 

4 3 3 E 

02 

-0. 

563E 

02 

-0  . 

633  E 

02 

POWER 

(VOLT-SEC+2 

0.385E-06 
0 . 387E-06 
0 . 386E-06 
0 . 385E-06 
0.3S5E-06 
0 . 384E-06 
0 . 385E-06 
0.385E-06 
0 . 385E-06 
0 . 385E -06 
0 . 385E-06 
0 . 385E-06 
0 . 385E-06 
0 . 384E-06 
0.384E-06 
0 . 384E-06 
0.383E-06 
0 . 382E- 06 
0.381E-06 
0 . 380E - 06 
0 . 379E-06 
0 . 378E-06 
0 . 369E-06 
0 . 357E-06 
0 . 325E-06 
0 . 286E-06 
0 . 242E-06 
0. 197E-06 
0. 156E-06 
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0. 

■ 800E 

04 

0. 

900E 

04 

0. 

1 00E 

05 

0. 

, 150E 

05 

0. 

,200E 

05 

0. 

300E 

05 

0. 

, 400E 

05 

0. 

,500E 

05 

0. 

600E 

05 

0. 

, 700E 

05 

0. 

. 8 0 0 E 

05 

0. 

, 900E 

05 

0. 

, 100E 

06 

0. 

, 150E 

06 

0. 

, 200E 

06 

0, 

, 300E 

06 

0. 

. 400E 

06 

0. 

, 500E 

06 

0. 

. 600E 

06 

0. 

. 700E 

06 

0. 

, 800E 

06 

0 , 

. 900E 

06 

0. 

. 100E 

07 

0. 

. 1 50E 

07 

0, 

. 200E 

07 

0 , 

. 300E 

07 

0. 

. 400E 

07 

0, 

. 500E 

07 

0, 

. 600E 

07 

0. 

. 700E 

07 

0 

. S00E 

07 

0 

. 9 0 0 E 

07 

0. 125E-03 
0.893E-04 
0 . 684E -04 
0. 45  IE -04 
0.474E-05 
- . 121E-04 
-. 18SE-04 
- . 205E-04 
- . 185E-04 
- . 171E-04 
- . 150E-04 
- . 125E-04 
- . 1 14E-04 

- .771E-05 
- .623E-05 
- . 353E-05 
- . 238E-05 
- . 161E-05 
- . 1 31 E -05 
- . 988E-06 
- .907E-06 
-.723E-06 

- . 537E-06 

- . 195E-06 
- . 808E-07 

- .471E  -07 

- . 273E-07 
0.  105E-08 

- . 121E-07 
- .865E-08 
- . 505E-08 
- . 663E-08 


-0 . 324l£  -03 
-0.290E-03 
-0.258E-03 
-0.  1871-:- 03 
-0. 15111-03 
-0. 101E-03 
-0 . 705E-04 
-0.5 1311 -04 
-0 . 387E-04 
-0. 297E-04 
-0.234E-04 
-0. 197E-04 
-0. 170E-04 
-0.946E-05 
-0 . 550E-05 
-0 . 243E-05 
-0. 121E-05 
-0.81  IE-06 
-0. 472E-06 

- 0 . 3 4 4 E - 0 6 
-0 . 224E-06 
-0 . 585E-07 

0.35  IE- 08 
0 . 694E-07 
0 . 301E-07 

- 0 . 1 1 3 E - 0 7 
0 . 465E-08 
0.896E-16 

-0 . 207E-08 
0 . 208E-08 
-0. 18SE-08 
-0.434E- 10 


0 . 347E-03 
0 . 304E - 03 
0 . 266E-03 
0 . 1 9 2 E - 0 3 
0 . 15  IE -03 
0. 102E-03 
0.729E-04 
0 . 552E-04 
0 . 429E-04 
0 . 343E-04 
0 . 27PE-04 
0 . 233E-04 
0. 205E-04 
0. 122E-04 
0 . 83 IE- 05 
0 . 429E-05 
0.267E-05 
0 . 180E-05 
0. 139E-05 
0. 105E-05 
0 . 934E-0& 
0.726E-0& 
0.537E-06 
0 . 207 E- 06 
0 . 863E-07 
0 . 484E-07 
0 . 277E- 07 
0. 105E-08 
0. 123E-07 
0 . 889E-08 
0 . 539E-08 
0.663E-08 


-0.689E 

02 

-0.729E 

02 

-0.75  IE 

02 

-0.764E 

02 

-0.882E 

02 

-0.263E 

03 

-0.255E 

03 

-0.248E 

03 

-0.244E 

03 

-0.240E 

03 

-0.237E 

03 

-0.238E 

03 

-0.236E 

03 

-0.231E 

03 

-0.221E 

03 

-0.214E 

03 

-0.207E 

05 

-0.207E 

03 

-0.200E 

03 

-0. 199E 

03 

- 0 . 1 9 4 E 

03 

-0. 185E 

03 

0. 180E 

03 

0. 1 6 0 E 

03 

0.  1 60E 

03 

- 0 . 1 9 4 E 

03 

0. 170E 

03 

0.4S7E 

-05 

— 0 . 1 9 0 E 

03 

0. 166E 

03 

-0.200E 

03 

-0. 1 80E 

03 

0. 12  IE-06 
0 . 922E -0  7 
0.710E-07 
0 . 370E-07 
0.228E-07 
0. 104E-07 
0.53  IE-08 
0 . 305E-08 
0. 184E-08 
0.117E-0S 
0.77  IE -09 
0 . 543E-09 
0 . 419E-09 
0. 1 49E-09 
0 . 6 9 1 E - 1 0 
0. 184E-10 
0.713E-U 
0.326E-U 
0.193E-11 
0. 109E-1 1 
0.872E-12 
0.527E-12 
0.288E-12 
0.430E-13 
0 . 7 4 4 E - 1 4 
0.234E-14 
0 . 766E-  15 
0.1 11E- 17 
0. 151 E- 15 
0.791E-16 
0.291E-16 
0.439E-16 
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1 


amplitude  that  is  used  is  the  real  part  of  the  response,  not  the 
total  response  that  would  be  measured  during  a frequency-response 
test.  Determining  the  real  part  of  the  response  therefore  requires 
the  user  to  know  the  phase  of  the  input  data  as  well  as  the  total 
amplitude.  The  points  at  which  the  frequency  response  is  sampled 
need  not  be  uniformly  spaced  in  frequency. 

A complementary  program  that  performs  the  time-to-frequency 
transform  is  TIFREQ,  described  in  Section  6.3. 

6.4.2  Method  of  Operation 


In  obtaining  the  mathematical  derivation  of  the  frequency-to- 
time  conversion  FREQTI,  the  real  part  of  the  generalized  frequency 
function,  R(w) , is  represented  by  straight-line  segments,  of  which 
a typical  segment  is  shown  in  Figure  6.27  , over  the  region  from 
0)  = <jd(J)  to  0)  = (o  ( J+l ) • 


Figure  6.27  Generalized  Frequency  Domain  Function  R(uj) 


Thus 

■><“)  ■ * I'"  t iy  - SSj 

(6.38) 

If 

R(J  + 1)  - R(J) 

U)(J  + 1)  - <D(J)  M(J) 

(6.39) 

then 

R(W)  = R(J)  - M(J)  x U)(J)  + M(J)  x W 

(6.40) 

Also,  if 

R(U>)  - M ( J)  x U)(J)  = B ( J) 

(6.41) 

then 

R(U>)  = B(J)  + M(J)  x U) 

(6.42) 
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f 


then 


If  R(to)  is  the  real  part  of  the  Fourier  Transform  of  A(t)  , 
A(t)  = o if  t < o 

R(to)  dto  if  t = 0 


Mt)  - i / 

o 

oo 

A(t)  = zr  I R(w)  cos  tot  dto  if  t > 0 


(6.43) 


For  t > 0,  the  contribution  toward  A(t)  of  the  portion  of  the 
R(io)  spectrum  from  to(J)  to  u(J  + 1)  is 


(6.44) 


2 

rio(j  + 

1) 

A (t) 

tF  j 

f 

C0(J) 

R(w) 

cos  (ot  dto 

2 

rio(j  + 

1) 

A (t) 

“ tT  J 

( 

W(J) 

[b  ( J) 

+ M(J)io]  cos  (tot)  dto 

2 

r to(J  + 

1) 

A (t) 

= FJ 

f 

(0(J) 

B ( J) 

cos  (tot)  dto 

+ iJ 

ir  J 

+ 

3 

1) 

M ( J) 

to  cos  (tot)  dto 

(0(J) 

A (t) 


-[ 


2-  ~^J)  sin  (tot)  + 21T^;J?  cos  (u)t) 


2 M(J)  to  . ' 

+ sin  (tut) 


<o(j  + 1) 
w(J) 


A(t)  = 2 x i x [sin  (<o(j  + i)t)  - sin  (to(j)t)] 

+ 2 y~J)  x i x i x [cos  (to  (J  + l)t)  - cos  ((O(J)t)] 

+ 2 “(J)  X i X [U)(J  + 1) sin  (<o(j  + l)t)-<0(j)sin((0(j)t)  ] 


(6.45) 


(6.46) 


(6.47) 


(6.48) 


/w 

R(io)  dto 

0 


(6.49) 
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I >1  A- 


and  the  contribution  from  <d(J)  to  uj(J  + 1)  is 


i r 

<i>(J  + 1) 

A(t) 

- £ J 

(B  (J)  + M(J)ID)  dU) 

(6. 

.50) 

U>(J) 

i r 

<i)(J  + 1) 

1 

fU)(J  + 1) 

A(t) 

= ? J 

B(J)  U>  + - 

1 M(J)W  dU) 

(6. 

.51) 

U)(J) 

1 U(J) 

A (t) 

_ B ( J) 
IT 

- [U>]W(J 

1 JW(J) 

+ 1)  M( J) 

2TT 

[(i)2,W(J  + 1) 

1 JW(J) 

(6. 

.52) 

A (t) 

= B<J) 
IT 

- [U)(J  + 

1)  - U(J)  ] + 

~ L [<W(J  + l))2  - (U)(J))2] 

(6. 

.53) 

A listing  of  the  program  FREQTI  is  shown  in  Figure  6.28. 

The  data  required  to  operate  the  program  are  shown  in  the  early 
comments  of  the  listing. 

The  program  is  documented  in  the  listing.  The  input  data  is 
read  into  arrays  FREQ  and  XREAL.  After  it  is  read,  it  is  printed 
out  for  inspection  and  for  the  record.  The  printing  is  under 
the  control  of  a control  character,  I0FLAG8.  In  this  version 
of  the  program,  I0FLAG8  is  set  internally  to  1,  the  value  that 
signifies  that  the  input  data  is  to  be  printed.  If  the  user 
were  to  desire  the  option  of  printing  or  not  printing  the  data, 
a value  of  I0FLAG8  could  be  read  in  as  data.  A value  of  0 for 
I0FLAG8  would  suppress  the  printing. 

After  the  data  are  read  and  printed,  the  auxiliary  arrays 
XM  and  B are  then  formed  according  to  Equations  6.39  and  6.41. 
Equation  6.48  is  then  evaluated  over  each  of  the  frequency 
intervals  given  by  the  input  data,  and  the  results  are  summed 
to  give  the  integral  over  the  total  frequency  interval  covered 
by  the  input  data. 


When  t = 0,  a separate  evaluation  of  Equation  6.53  is  done 
in  lines  3600  through  3780. 

In  the  program,  the  following  representations  are  used: 
VECTOR  = amplitude  of  time  function 


10200 
1040C 
10600 
10S0C 
1100C 
1 1200 
1140C 
11600 
1 18  00 
1 2000 
1 2200 
12400 
12600 
12800 
13000 
13200 
1 3400 
13600 
13800 
14000 
14200 
14400 
1 4600 
14800 
15000 
15200: 
15400 
15600 
15800 
16000 
16200 
16400 
16600 
16800 
17000 
17200 
17400 
17600 
17800 
18000 
18200 
18400 
18600 
18800 
19000 
19200 
19400 
19600 
1 9800 
20000 
20200 
20400 
2060C 
20800 


PROGRAM  NAME  IS  FREQTI 

FOR  DETAILED  INFORMATION  ON  THIS  PROGRAM  CONTACT 

F.  A.  FISHER 
ELDG  9 ROOM  200 
GENERAL  ELECTRIC  COMPANY 
100  WOODLAWN  AVE 
PITTSFIELD*  MASS  01201 

PHONE  (413) -494-4380 

THIS  PROGRAM  ACCEPTS  THE  REAL  PART  OF  A FUNCTION  OF  FREQUENCY 
AND  PROVIDES  AN  INVERSE  FOURIER  TRANSFORM  TO  GIVE  THE  TIME 
DOMAIN  FUNCTION. 

THE  PROGRAM  REQUIRES  DATA  FROM  AN  INPUT  FILE  “FRTIFIL" * THE 
CHARACTERISTICS  OF  WHICH  FOLLOW J 


1000  LL 

LL  IS  THE  NUMBER  OF  PAIRS  OF  DATA*  FREQUENCY  AND 
AMPLITUDE  (REAL  PART  ONLY)  THAT  DESCRIBE  THE 
FREQUENCY  FUNCTION. 

2000  FREQUENCY,  AMPLITUDE  OF  REAL  PART 

2010  FREQUENCY*  AMPLITUDE 

2020  FREQUENCY,  AMPLITUDE 

THESE  ARE  PAIRED  VALUES  OF  FREQUENCY  AND  AMPLITUDE 

THAT  DESCRIBE  THE  FREQUENCY  FUNCTION.  THE 
FREQUENCIES  DO  NOT  HAVE  TO  BE  EVENLY  SPACED.  USE 
AS  MANY  LINES  OF  DATA  AS  NECESSARY. 

3000  TSTART 1 » TSTOP 1 ,TSTEP1 

THE  PROGRAM  ALLOWS  YOU  TO  CALCULATE  THE  INVERSE 
TRANSFORM  OVER  TWO  DIFFERENT  TIME  RANGES. 

TSTART 1 IS  THE  TIME  AT  WHICH  YOU  WANT  THE  FIRST 
INTERVAL  TO  START.  MOST  COMMONLY  TSTART 1 WILL 
BE  ZERO. 


TSTOP 1 IS  THE  TIME  AT  WHICH  YOU  WANT  THE  FIRST 
INTERVAL  TO  END. 

BETWEEN  TSTART 1 AND  TST0P1  THE  OUTPUT  WILL  BE 
PRESENTED  AT  TIMES  THAT  ARE  TSTEP1  APART. 


3010  TSTQP2  * TSTEP2 

THESE  VALUES  DESCRIBE  THE  SECOND  TIME  INTERVAL. 
THAT  INTERVAL  WILL  START  AT  TST0P1,  END  AT  ST  OP 2 


Figure  6.28  Program  FREQTI 


2100C  AND  WILL  BE  COVERED  IN  INCREMENTS  OF  TSTEP2 . 

2 1 £ 0 C 

2 1 4 0 C THE  PROGRAM  ASSUMES  THAT  THE  FREQUENCIES  ARE 

2160C  DESCRIBED  IN  UNITS  OF  HERTZ  AND  THAT  TIME  IS 

21S0C  DESCRIBED  IN  UNITS  OF  SECONDS. 

2200C 

2220C  IF  FREQUENCY  IS  IN  KILOHERTZ  TIME  SHOULD  BE  IN 

2240C  MILLISECONDS.  IF  FREQUENCY  IS  IN  MEGAHERTZ 

2260C  TIME  SHOULD  BE  IN  MICROSECONDS. 

2280C 

2300C  - 

2320  DIMENSION  B ( 1 1 0 ) .FREQ<110> »XM(110) .OMEGA (110) . XREAL (110) 

2340  DOUBLE  PRECISION  E .FREQ.  XM. OMEGA.  XREAL 
2360  CALL  OF'ENF  (09»"FRTIFIL»"»ISTAT  »1  » 0 » 1) 

2380  100  FORMAT  ( " ***###*#*#**■**##*##***■*#**  ####*#■*#*****#*#**#**#*#“) 
2400  1 10  FORMAT  ("  ") 

2420  WRITE(06. 110) 

2440  WRITE(06r 100) 

2460  WRITE (06. 1 10) 

2480  115  FORMAT ("  THIS  IS  THE  FREQUENCY  DOMAIN  INPUT  DATA") 

2500  120  FORMAT <"  THIS  IS  THE  INVERSE  TRANSFORM  OF  THE  ABOVE  DATA") 
2520  WR I TE ( 06 » 115) 

2540  I OFL AGS  = 1 

2560  PI =3. 1415926536 

2530  PINV=1./PI 

2600  T OP  I NO  =2 . *P I NV 

2620C  - 

2 6 4 0 C THE  FOLLOWING  SECTIONS  READ  AND  PRINT  THE  INPUT  DATA 
2660C  THE  INPUT  DATA  IS  STORED  IN  ARRAYS  FREQ  AND  XREAL 
2680  READ <09 » 161  »END=180)  LINE  .LL 

2700  DO  170  1 = 1 »LL-< 

2720  READ  (09 » 1 6 1 » END=  18(3)  L INE  . FREQ  ( I ) . XREAL ( I ) 

2740  I SAVE = I 
2760  161  FORMAT  < V) 

2780  170  CONTINUE  

2800  180  CONTINUE 

2820  7170  IF ( I0FLAG8)  250.250.210  - a 

2840  210  WRITE (06.220)  -< 

2860  220  FORMAT (/// .SX  > "FREQUENCY ". 8X  » "AMPLITUDE" ) 

2880  WRITE (06.222) 

2900  WRITE  (06.110) 

2920  222  FORMAT (25X  ."REAL") 

2940  DO  £45  J=1.ISAVE 

2960  WRITE  (06.240)  FREQ ( J ). XREAL ( J ) 

2980  £40  FORMAT (3X.  1E14.3.3X . IE  14. 3) 

3000  245  CONTINUE 

3020  250  NFILE=1  - 

3 0 4 0 C THIS  ENDS  THE  READING  OF  INPUT  FREQUENCY  DATA 
3060C  

3080C  WE  NOW  START  READING  THE  TIME  VALUES  THAT  CONTROL  THE  RANGE 

3100C  OVER  WHICH  CALCULATIONS  ARE  MADE 

3120  READ (09. 16 1 . END= 1 80 ) LI NE . TST ART  1 .TSTOP1 . TSTEP1 

3140  READ (09. 161 . END= 1 80 ) L I NE . TSTOP2 . TSTEP2 

3160C - --- 
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3100  265  FORMAT (V) 

3200C  WE  WILL  NOW  START  THE  CALCULATIONS  OF  THE  INVERSE  TRANSFORM 
3220  WRITE (06,110) 

3240  WRITE (06 f 100) 

3260  WRITE (06 f 110) 

3280  WRITE (06 f 120) 

3300  WRITE (06 f 110) 

3320  WRITE (06 f 290) 

3340  WRITE (06 f 110) 

3360  290  F0RMAT(//f9Xf"TIME,,f12Xf"AMF'LITUDE"> 

3380  DO  32(3  K=1fISAVE  -< 

3400  OMEGA  (K)  = 2 . *F'I  *FREQ  <K) 

3420  320  CONTINUE  

3440C  

3460  DO  36(3  L=1fISAVE  -C  

3480  XM  (L ) - ( XREAL  ( L+ 1 ) -XREAL(L)  ) / (OMEGA  (l.+  l)  - OMEGA  (L)  ) 

3500  E:  (L)  = XREAL  (L) - (XM  (L)  *OMEGA  (L)  ) 

3520  360  CONTINUE  

3540  T IME=TSTART 1 

3560  IF  (TIME  .CT.  0.)  GO  TO  480  

3530C  

3600C  THIS  IS  THE  ROUTINE  THAT  PERFORMS  THE  CALCULATIONS  IF  T = 0 
3620  VECTOR =0. 

3640  TIME  =(3. 

3660  DO  44(3  N=1fISAVE-< — 

3680  V 1 =P INV*B ( N ) * ( OMEGA ( N+ 1 ) -OMEGA ( N ) ) 

3700  V 2 = X M (N) #PINV* ( (OMEGA (N+l ) **2> - (OMEGA (N) **2) )* ( .5) 

3720  VECTOR = VI +V2+ VECTOR 

3740  440  CONTINUE  

3760  WRITE (06f460)  TIMEfVECTOR 
3780  460  FORMAT (3X f 1E14.3f3X f 1E14. 3) 

3300C  

3820C  THIS  IS  THE  ROUTINE  THAT  PERFORMS  THE  CALCULATIONS  IF  T>0 
3840 
3860 
3880 
3900 
3920 
3940 
3960 
3980 
4000 
4020 
4040 
4060 
4080 
4100 
4120 
4140 
4160 
4180 
4200 
4220 
4240 

Figure  6.28  (Continued)  Program  FREQTI  (Continued) 


7500  T IME  = T IME+TSTEP 1 -< 

GO  TO  480  1 

477  TIME=T IME+TSTEP2  1 

480  VECTOR=0.-< L-<- 

TINV=1 . /TIME 
T I NVSQ=T INV**2 

DO  600  NDX  = 1 f I SAVE+ 1 -< 

SIN1=DSIN (OMEGA (NDX) *TI ME) 

SI N2  = DSIN< OMEGA ( NDX  + 1 ) *T I ME) 

COS 1=DC03( OMEGA (NDX) *TIME) 

C0S2=DC0S (OMEGA (NDX+1 ) *TIME) 
V1=T0PINV»(B(NDX)»TINV*(SIN2-SIN1) ) 

V2  = T0PINV*XM (NDX) *TINVSQ* (C0S2-C0S1 ) 

V3=TQPINV*XM(NDX)#TINV*(0MEGA(NDX+1)*SIN2-0MEGA(NDX)*SIN1) 
V ECT OR =V1+V2+V3+ VECTOR  , 

600  CONTINUE  

WRITE <06f606)  TIMEfVECTOR 
606  FORMAT <3Xf 1E14. 3f3X f 1E14 . 3) 

IF(TIME  .GE.  TSTOP1 ) GO  TO  7710  , 

GO  TO  7500  ; 

7710  IF  (TIME  .GE.  TSTOP2)  GO  TO  999  -*-1 
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4260  GO  TO  477 
4280  999  CONTINUE 
4300  WRITE <06, 110) 
4320  WRITE <06, 100) 
4340  WRITE  <06  f 1 10) 
4360  STOP 5 END 


Figure  6.28  (Conclusion)  Program  FREQTI  (Conclusion) 


V2  = 2 ^-(J-  x ^ x I x [cos  (co  ( J + l)t)  - cos  (co(j)t)  ] (6.55) 

V3  = 2 x I x [o)(j  + l)  sin(oo(j  + 1)  t) -co(j)  sin (co(  J)  t)  ] (6.56) 


and  where 

SIN1  = sin (w (j) t) 

(6.57) 

SIN  2 = sin  (co  (j  + l)t) 

(6.58) 

COSl  = cos  (co  ( J ) t) 

(6.59) 

COS 2 = cos  (co  ( J + 1)  t) 

(6.60) 

6.4.3  Example  of  Usage  of  FREQTI 

As  an  example  of  usage  of  FREQTI,  let  us  determine  the  inverse 
Fourier  transform  of  the  frequency-domain  data  6.24  and  6.25.  That 
data  is,  of  course,  the  Fourier  transform  of  the  time-domain  pulse 
shown  in  Figure  6.21. 

The  input  data  for  FREQTI  are  shown  in  Figure  6.29.  The  out- 
put data  are  shown  in  Figures  6.30  and  6.31.  A plot  of  the  output 
data  is  shown  in  Figure  6.32.  The  waveform  of  the  reconstructed 
pulse  is  very  similar  to  the  original  pulse  used  as  input  to  TIFREQ, 
as  indeed  it  should  be.  The  data  from  which  the  time  domain  output 
was  constructed  for  times  greater  than  10  microseconds  were  ob- 
tained by  running  FREQTI  again  with  different  values  for  TSTART1, 
TSTOP1 , TSTEP1 , TSTOP2  and  TSTEP2 . That  data  is  not  shown  in  tabu- 
lar form. 
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1000  24 

2000  0 , . 620E-3 
2010  10, .622E-3 
2030  30  , . 620E-3 
2090  200 , . 620E-3 
2200  800, .610E-3 
2400  4000 , . 4 1 2E-3 
2450  7000 1 . 1 78E-3 
2480  9000  , . 893E-4 
2500  15000, .45  IE- 4 
2510  . 2E5 , . 474E-5 
2520  . 3E5, - . 12 IE- 4 
2530  . 5E5  » - . 205E- 4 
2540  . 7E5, 171E-4 
2570  . 9E5 , - . 125E-4 
2590  . 1 50E6 , - . 77 1 E -5 
2610  . 3E6  t - . 353E -5 
2630  .5E6, 161E-5 
2650  . 7E6 , - . 988E-6 
2670  . 9E6 , - . 723E-6 
2690  . 150E7, - . 195E-6 
2720  .3E7, -.471E-7 
2740  . 5E7 , . 105E-8 
2760  . 7E7 , - . 865E-8 
2780  . 9 E 8 , - . 6 6 3 E - 8 
3000  0 , 2E-6 , IE -7 
3010  10E-6  , . 5E-6 


Figure  6.29  Input  Data  for  FREQTI 


6.5  INTERNAL  IMPEDANCE 

Inside  a conducting  shell  there  will  be  both  electric  and 
magnetic  fields,  the  magnitudes  of  which  are  related  by  the 
impedance  of  the  air  space  within  the  shell. 

| = z (6.61) 

where  E = magnitude  of  the  electric  field 
H = magnitude  of  the  magnetic  field 

A wave  travelling  in  free  space  encounters  an  impedance  of 
377  ft.  Inside  closed  structures  the  impedance  is  less,  at  least 
at  frequencies  below  the  self-resonant  frequencies  of  the 
enclosed  volume. 
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THIS  IS  THIS  FREQUENCY  DOMAIN  INPUT  DATA 


FREQUENCY 


0. 


0 

. 100E 

02 

0 

.3001 

02 

0 

. 20 0E 

03 

0 

.800E 

03 

0 

. 40  0E 

04 

0 

. 70  0E 

04 

0 

. 90 0E 

04 

0 

. 150E 

05 

0 

. 20  0E 

05 

0 

. 30  0E 

05 

0 

. 500 E 

05 

0 

. 700E 

05 

0 

. 90  0E 

05 

0 

. 150E 

06 

0 

. 30  0E 

06 

0 

. 500E 

06 

0 

. 700E 

06 

0 

. 90  0E 

06 

0 

. 1 5 0 E 

07 

0 

. 30011 

07 

0 

. 50  0E 

07 

0 

. 7 0 0 E 

07 

0 

. 90  0E 

08 

AMPLITUDE 

REAL 

0 . 620E -03 
0 . 622 E - 03 
0.620E-03 
0.620E  03 
0.61 0E  -03 
0 . 4 1 2 E - 0 3 
0. 178E-03 
0. 893E-04 
0.45 IE -04 
0.474E-05 
-0. 121E-04 
-0 . 205 E- 04 
-0. 171E-04 
-0. 1 25E -04 
-0.77  IE -05 
-0 . 353E-05 
-0. 161E-05 
-0.98SE -06 
-0 . 723E-06 
-0. 195E-06 
-0. 47  IE -07 
0. 105E-0S 
-0 . 865E-03 
-0 . 663E-08 


*****#****«*#*»«#***#*»****««#««#***#***#**«**#*** 


Figure  6.30  First  Part  of  Output  Data 

The  field  pattern  within  enclosures  is  quite  complex.  At 
the  surface  of  the  enclosure,  the  electric  field  tangential  to 
the  surface  must  be  zero  (for  perfect  conductors) , whereas  the 
magnetic  field  is  zero  normal  to  the  surface.  Magnetic  fields 
can  exist  only  tangential  to  the  surface,  and  electric  fields 
can  exist  only  normal  to  the  surface.  At  all  other  points,  the 
electric-  and  magnetic-field  vectors  will  be  oriented  at  right 
angles  to  each  other,  and  will  have  amplitudes  related  to  the 
physical  characteristics  of  the  enclosure  and  the  frequency 
involved . 

One  type  of  structure  that  is  easy  to  visualize  is  the  open- 
;•*  I , infinitely  long  cylinder  shown  in  Figure  6.33.  Kozakoff, 
-•  i,.  Reference  6.1)  show  that  the  internal  impedance  that 

•v.  « ••■r;res  such  a structure  is 
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THIS  IS  THE  INVERSE  TRANSFORM  OF  THE  ABOVE  DATA 


TIME 

AMPLITUDE 

0. 

-0.934E 

00 

0. 100E-06 

0.857E 

00 

0 . 200E-06 

0.297E 

01 

0.300E-06 

0 . 448E 

01 

0.400E-06 

0.587E 

01 

0.500E-06 

0.702E 

01 

0 . 600E-06 

0 . 803E 

01 

0 . 700E-06 

0.876E 

01 

0.800E-06 

0.936E 

01 

0.900E-06 

0 . 9 9 & E 

01 

0. 100E-05 

0 . 106E 

02 

0.11 0E -05 

0 . 1 1 2 E 

02 

0 . 120E-05 

0.11 8E 

02 

0. 130E-05 

0. 1 23E 

02 

0. 140E-05 

0 . 1 2 7 E 

02 

0. 150E-05 

0. 1 30E 

02 

0.1A0E-05 

0. 133E 

02 

0. 170E-05 

0 . 1 3 5 E 

02 

0. 130E-05 

0 . 1 3 8 E 

02 

0. 190E-05 

0. 1 4 1 E 

02 

0 . 200E-05 

0. 1 43E 

02 

0.21 0E - 05 

0 . 1 45E 

02 

0.260E-05 

0. 1 52E 

02 

0.310E-05 

0. 157E 

02 

0.360E-05 

0 . 1 6 1 E 

02 

0.410E-05 

0 . 164E 

02 

0.460E  -05 

0. 165E 

02 

0.510E--05 

0 . 16 6 E 

02 

0.560E-05 

0 . 1 68 E 

02 

0 . 6 1 0E - 05 

0 . ItSE 

02 

0 . 660E  05 

0 . 1 6 8 E 

02 

0.71 0E - 05 

0 . 1 6 6 E 

02 

0.760E-05 

0. 165E 

02 

0.S10E  -05 

0. 1 63E 

02 

0.860E-05 

0. 16  IE 

02 

0.910E-05 

0. 1 5 9 E 

02 

0.960E-05 

0. 157E 

02 

0. 101E  04 

0 • 1 5 5 E 

02 

»**#*#*#***##*#*****»******##****####*#*•»*******#* 
Figure  6.31  Second  Part  of  Output  Data 
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Volts 


Use  Scale  A 


Use  Scale  B 


1 2 3 4 5 6 " 

ys  (Scale  A) 

10  20  30  40  50  60  h 

ys  (Scale  B) 

Figure  6.32  Reconstructed  Time  Domain  Wave 


(6.62) 


E 

o 


H 

z 


jUJ^A 

L 


where 


cj  = angular  frequency 
y0  = 4 x lO-^ 

A = enclosed  area 
L = peripheral  distance 
around  the  enclosure 


Eq  = circumferential 
electric  field 
Hz  = magnetic  field 
along  axis 


As  the  dimensions  of  a structure  are  decreased  the  enclosed 
area  decreases  more  rapidly  than  does  the  distance  around  the 
structure;  it  follows,  then,  that  the  internal  impedance  of 
small  structures  will  be  smaller  than  the  internal  impedance  of 
large  structures.  As  a numerical  example,  consider  a cylinder 
of  1 m radius.  Such  a structure  will  have  an  internal  impedance 
of  3.95  x 10"3  (i  at  1 kHz  and  3.95  n at  1 MHz. 

At  frequencies  approaching  and  beyond  the  self-resonance 
points  of  an  enclosure,  the  impedance  can  change  drastically. 

The  procedures  for  calculating  the  electric  fields  and  magnetic 
fields  within  enclosures  at  or  near  the  resonance  points  are 
sufficiently  complicated  that  the  concept  of  internal  impedance 
is  of  dubious  utility  when  studying  lightning  interactions. 


i 
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6.6  RESONANCE  MODES  OF  CAVITIES 


When  making  analytical  studies  of  lightning  interaction 
effects,  it  is  tempting  (and  probably  correct)  to  say  that,  at 
frequencies  approaching  the  natural  resonance  modes  of  enclosures 
in  which  electronic  equipment  may  be  located,  all  bets  are  off. 
While  cavity  resonance  effects  are  noted  in  EMP  studies,  there 
have  been  no  comparable  studies  made  during  lightning  effects 
testing  to  let  one  say  that  there  are  not  cavity  resonance  effects 
with  which  one  must  deal.  The  various  Lightning  Transient  Analysis 
tests  with  which  this  author  has  been  associated  have  not  shown 
evidence  of  such  effects,  but  that  is  not  to  say  that  such  effects 
have  not  occurred. 

In  order  to  carry  the  discussion  a bit  further,  consider  what 
is  meant  by  a cavity  resonance.  In  the  simple  rectangular  en- 
closure shown  in  Figure  6.34,  the  simplest  type  of  cavity  resonance 
involves  a plane  wave  bouncing  off  the  four  walls  and  arriving 
back  at  the  starting  point  in  phase  with  succeeding  waves.  This 
can  occur  only  for  certain  characteristic  frequencies.  It  is 
possible  for  the  waves  to  arrive  back  at  their  starting  point 
after  making  more  than  one  bounce  off  each  wall,  and  if  there 
are  more  walls,  there  are  an  infinite  number  of  reflection  patterns 
for  which  a wave  can  return  to  the  starting  point  in  phase  with 
succeeding  waves. 


Figure  6.34  An  Elementary  Mode  of 
Cavity  Resonance 


f the  simpler  resonance 
equencies  corresponding 


e? 


(6.63) 


ing  the  resonce  modes 
enclosure 
,ht) 


111  Mode 


021  Mode 


ce  Modes  in 
"“lclosure 


a 


The  magnitude  of  the  integers  m,  n,  or  p is  equal  to  the 
number  of  repetitions  of  the  magnetic  field  along  the  correspond- 
ing dimension.  Thus,  the  110  mode  has  one  wavelength  of  magnetic 
field  along  each  of  the  a and  b dimensions,  and  no  wavelengths 
along  the  c dimension. 

As  a numerical  example,  some  of  the  characteristic  resonance 
frequencies  of  a rectangular  enclosure  having  dimensions  0.7  x 
1 x 1.5  m are  given  in  Table  6.1. 


TABLE  6.1 

SOME  RESONANCE  MODES  IN  A RECTANGULAR  ENCLOSURE 


(a=1.5m;  b=0.7m;  c=lm) 


Mode 

Frequency 

110 

236  MHz 

101 

180 

Oil 

262 

111 

280 

201 

250 

021 

454 

While  the  subject  of  cavity  resonance  in  lightning  inter- 
actions has  not  been  studied  enough  to  say  that  it  is  or  is  not 
a problem,  there  are  some  points  that  can  be  made  about  the 
subject : 

1.  A study  of  the  resonance  modes  or  impedance  of  an  empty 
cavity  in  an  aircraft  is  probably  a useless  exercise. 
There  are  virtually  no  empty  cavities,  and  if  there 
were,  there  would  be  nothing  in  such  a cavity  to  be 
damaged  or  to  suffer  interference. 

2.  Metallic  enclosures  within  such  a cavity  would  tend  to 
raise  the  resonant  frequencies,  while  wires  and  connect- 
ing cables  would  tend  to  lower  the  resonant  frequencies. 
In  an  actual  aircraft,  it  is  probable  that  the  effects 
of  connecting  cables  would  prevail. 

3.  The  principal  value  of  knowing  the  resonance  frequencies 
of  an  enclosure  is  in  knowing  the  frequency  above  which 
one  should  not  even  attempt  to  make  an  interaction  study 
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using  simple  methods  of  analysis.  As  such,  only  the 
lowest  frequency  resonance  mode  is  of  interest.  Note 
that  this  is  not  to  say  that  the  higher  order  resonance 
modes  are  not  of  importance. 

4.  Electrical  energy  oscillating  in  a cavity-resonance  mode 
will  only  appear  if  there  is  a source  to  excite  that 
oscillation.  Whether  a lightning  flash  contains 
frequency  components  high  enough  to  excite  the  resonance 
modes  of  cavities  in  which  electrical  equipment  is  located 
is  a subject  on  which  we  have  no  real  knowledge,  only 
speculation . 

5.  Enclosures  that  act  as  cavity  resonators  frequently  have 
quite  high  Q factors.  That  is  to  say,  they  have  only 
small  losses.  If  some  transient  electromagnetic  condition 
excites  a cavity  oscillation,  that  oscillation  may  persist 
for  a time  much  longer  than  the  transient  that  excited 
the  oscillation. 

6.  The  frequencies  associated  with  cavity  resonances  are 
apt  to  be  in  the  same  order  as  the  frequencies  associated 
with  digital  equipment  located  in  the  enclosures.  Thus, 
one  can  speculate  that  a cavity  resonance,  if  it  occurs, 
might  be  more  of  a problem  for  digital  electronics  than 
it  would  for  analog  electronics. 
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SECTION  VII 

INTERACTION  WITH  OTHER  EMC  ANALYSIS  TECHNIQUES 

When  this  program  was  undertaken,  it  was  expected  that  the 
"Lightning  Analysis  Computer  Program"  would  eventually  become  a 
subroutine  of  the  IEMCAP  program.  This  goal  has  not  been  reached, 
partly  because  the  physical  understanding  of  lightning  inter- 
actions is  not  yet  far  enough  along,  and  partly  because  the  com- 
puter bookkeeping  to  do  all  this  under  machine  control  was  too 
involved  for  this  program.  We  have,  however,  attempted  to  present 
a format  in  which  the  results  of  lightning  interactions  can  be 
incorporated  so  that,  at  some  future  time,  machine  analysis  of 
lightning  interactions  might  become  possible.  In  this  section, 
we  will  discuss  that  format,  discuss  its  present  state,  and  dis- 
cuss what  is  still  lacking  in  that  format;  the  concepts  have  not 
reached  maturity;  others  in  the  EMC  community  may  expand  them 
to  a point  where  they  will  be  truly  usable. 

During  the  development  of  the  Space  Shuttle  Lightning  Criteria 
Document  (Reference  7.1),  the  concept  of  dividing  a structure  into 
magnetic  field  zones  and  characterizing  the  magnetic  field  in  each 
of  those  zones  by  a rapid  component  (the  aperture-coupled  component) 
and  a slow  component  (the  diffusion-coupled  component)  was  formu- 
lated. Each  of  these  components  was  characterized  by  a peak 
amplitude  and  two  times:  a time  to  crest  of  an  equivalent  trian- 
gular wave  and  a decay  time  (to  half  value)  of  the  triangular 
wave.  Lightning  transient-analysis  tests  on  aircraft  (Reference 
7.2)  showed  that  the  magnetic  fields  were  distinctly  different 
in  the  various  regions  of  an  aircraft.  The  tests  demonstrated, 
as  had  previously  been  known,  that  the  magnetic  field  would  have 
different  times  to  crest  and  different  decay  times  in  the  various 
zones,  whereas  in  the  Shuttle  analyses  it  was  assumed,  for  sim- 
plicity, that  all  aperture-coupled  components  would  have  one 
waveshape,  and  all  diffusion-coupled  components  would  have  a 
different  waveshape.  Other  investigators  (Reference  7.3)  have 
supported  the  division  of  magnetic-field  phenomena  into  two 
distinctly  different  time  regimes,  one  characterized  by  rapid 
penetration  of  fields,  and  one  characterized  by  slow  penetration 
of  fields.  Tests  have  also  shown,  however,  that  there  are  magnetic- 
field  components  that  are  characterized  by  more  rapid  variations 
than  those  of  the  aperture-coupled  fields.  Loosely  speaking, 
these  fields  are  produced  by  the  flow  of  current  on  internal  wir- 
ing and  structural  members.  In  Reference  7.2,  Fisher  proposed 
that  these  components  be  called  the  reradiated  component  of  mag- 
netic field.  The  title  is  unimportant,  but  the  physical  presence 
of  these  higher  frequency  fields  is  unmistakable.  There  have  been 
no  studies  of  how  to  calculate  the  magnitude  of  these  fields, 
but  any  analysis  procedure  should  at  least  recognize  the  existence 
of  such  fields. 
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The  procedure  that  we  recommend  for  analysis  of  the  data  from 
any  lightning  analysis  program  is  to  construct  a "map",  or,  more 
accurately,  a data  file,  in  which  a summary  of  the  factors  that 
define  the  electromagnetic  field  environment  at  a number  of  points 
within  the  aircraft  can  be  stored.  From  this  file,  a user  can 
determine,  either  by  machine  or  by  hand  calculation,  the  approxi- 
mate magnitude  of  signals  likely  to  be  induced  on  typical  wiring 
by  those  fields.  Note  that  the  emphasis  is  on  approximate  magni- 
tudes and  typical  wiring.  It  appears  unreasonable  to  expect  that 
one  will  be  able  to  calculate  the  exact  magnitude  of  signals 
induced  on  any  particular  circuit,  given  the  complexity  of  the 
wiring  to  be  found  in  actual  aircraft. 

As  previously  discussed,  the  task  of  defining  the  electro- 
magnetic field  environment  and  constructing  such  a data  file  or 
"map"  is  a complex  job  that  should  be  done  only  once,  using 
whatever  tools  are  available  for  the  purpose,  whether  those  tools 
be  analytical  or  experimental  in  nature.  Saying  that  the  task 
should  be  done  once  and  correctly,  of  course,  does  not  mean  that 
the  data  in  the  file  cannot  be  updated  and  corrected  during  the 
evolution  of  a particular  aircraft.  It  merely  says  that  the 
task  should  not  be  done  anew  each  time  a different  engineering 
group  wishes  to  perform  a lightning  compatibility  analysis. 

Since  such  a task  will  require  a great  deal  of  human  inter- 
action, it  is  appropriate  to  develop  a computer  routine  with  which 
one  can  put  data  into  a file,  examine  or  retrieve  the  data,  and 
change  or  update  the  data,  if  necessary.  That  routine  is  called 
CHANGER  and  is  shown  in  Figure  7.1.  The  routine  allows  one  to 
define  a point  in  space  by  a point  number  and  by  the  X,  Y,  and  Z 
coordinates  of  the  point.  It  then  provides  a number  of  factors 
that  characterize  the  electromagnetic  field  at  that  point. 

The  elements  that  make  up  the  file  are  as  follows: 

POINT  This  is  the  point  number,  an  arbitrary  designation. 

XP  This  is  the  X coordinate  of  the  point. 

YP  The  Y coordinate. 

ZP  The  Z coordinate. 

Z The  impedance  of  the  point,  as  defined  by  Equation  6.62. 

This  impedance  is  calculated  at  1 MHz.  The  impedance 
at  other  frequencies  would  be  in  proportion  to  the 
frequency. 

FMAX  This  would  be  the  maximum  frequency  at  which  one 

would  be  justified  at  assuming  the  impedance  to  be 
as  given  by  Equation  6.62. 
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1000C  PROGRAM  NAME  IS  CHANGER 

10Z0C 

1040C 

1060C  FOR  COMPLETE  INFORMATION  ON  THIS  PROGRAM  CONTACT 
1080C 

1100C  F.  A.  FISHER 

1120C  BLDG  9 - ROOM  200 

1140C  GENERAL  ELECTRIC  CO. 

1160C  100  UOODLAUN  AVE. 

1 180C  PITTSFIELD)  MASS  0120 

1200C 

1220C  PHONE  (413) -494-4380 

1240C 

1260C  THIS  PROGRAM  ALLOWS  ONE  TO  DEFINE  A POINT  BY  A POINT  NUMBER 

1280C  AND  BY  ITS  LOCATIONS  IN  SPACE)  ITS  X)Y  AND  Z COORDINATES. 

1300C  IN  A FILE  ADJACENT  TO  THE  COORDINATES  DEFINING  THIS  POINT  ONE 
1320C  CAN  THEN  STORE  CERTAIN  QUANTITIES  THAT  DEFINE  THE  CHARACTERISTICS 
1340C  OF  THE  MAGNETIC  FIELD  AT  THAT  POINT.  BY  SO  DOING  ONE  MAY  CON- 

1360C  STRUCT  A ’•MAP")  OR  MORE  ACCURATELY  AN  ACCESSIBLE  FILE)  THAT 

1380C  DESCRIBES  THE  MAGNETIC  FIELD  WITHIN  AN  AIRCRAFT. 

1400C 

1420C  IN  PRINCIPLE)  ONE  CAN  STORE  DATA  IN  THIS  FILE  IN  TWO  WAYS) 

1440C  EITHER  UNDER  MACHINE  CONTROL  FROM  A PROGRAM  THAT  CALCULATES 

1460C  THE  MAGNETIC  FIELD  AT  THE  POINT)  OR  ) MORE  LIKLY)  BY  HAND. 

1480C  IF  DATA  IS  STORED  BY  HAND  IT  MAY  COME  EITHER  FROM  EXPERIMENTAL 

1500C  MEASUREMENTS  OR  BY  CALCULATIONS  THE  RESULTS  OF  WHICH  MAY  NEED 
1520C  FURTHER  INSPECTION  BY  HUMAN  INTELLECT  BEFORE  BEING  PLACED  IN 
1540C  A DATA  FILE  FOR  USE  BY  OTHERS. 

15&0C 

1580C  THE  FILE  IN  WHICH  THE  DATA  TO  BE  STORED  IS  A "RANDOM"  FILE 
1600C  NAMED  "MAP". 

1620C 

1640C  THIS  PROGRAM)  "CHANGER")  ALLOWS  ONE  TO  INSPECT  THE  CONTENTS 

1660C  OF  THE  FILE)  TO  ENTER  DATA  INTO  THE  FILE)  OR  TO  CHANGE 

1680C  THE  CONTENTS  OF  THE  FILE.  ONE  IS  ABLE  TO  INSERT  NEW  POINTS 

1700C  INTO  THE  FILE  AND  THEN  TO  ORDER  THOSE  POINTS  IN  SEQUENCE 

1720C  ACCORDING  TO  THEIR  X > Y > OR  Z COORDINATES. 

1740C - - - - 

1760C 


Figure  7 . 1 Program  CHANGER 
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1780C 

1800C  THE  LAYOUT  OF  THE  MAP  IS  AS  FOLLOWS 

1820C 

1840C 

1860C 


1880C 

COLUMN 

1900C 

1920C 

l 

2 

3 

4 

5 

6 

7 

8 

9 

10  11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

1940C 

1 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* * 

* 

# 

# 

# 

* 

* 

* 

* 

* 

* 

* 

1960C 

2 

« 

* 

* 

* 

« 

* 

* 

* 

■* 

* * 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

1980C 

3 

• 

* 

* 

* 

* 

* 

* 

* 

* 

* * 

* 

* 

* 

• 

« 

« 

# 

* 

* 

* 

* 

2000C  4 * * 

2020C  R . 

2040C  0 . 

2060C  U . 

2080C 

2100C 

2120C 

2140C  N****«*****  * * * * * * * * * * * * 

2160C 

2180C 

2200C 

2220C  THE  COLUMN  ASSIGNMENTS  ARE  AS  FOLLOWS 

2240C 

2260C 


2280C 

2300C 

COLUMN 

QUANTITY 

REMARKS 

2320C 

2340C 

1 

POINT 

POINT  NUMBER » AN  ARBITRARY  DESIGNATION 

2360C 

2 

XP 

X COORDINATE  OF  THE  POINT 

2380C 

3 

YP 

Y COORDINATE 

2400C 

2420C 

4 

ZP 

Z COORDINATE 

2440C 

5 

Z 

IMPEDANCE » AT  1 MHZ,  AT  THE  POINT 

2460C 

2480C 

6 

FMAX 

MAXIMUM  FREQUENCY  AT  WHICH  Z MIGHT  APPLY 

2500C 

7 

HRT 

MAGNITUDE  OF  RE-READIATED  FIELD 

2520C 

8 

TR1 

TIME  TO  PEAK 

2540C 

2560C 

9 

TR2 

DECAY  TIME 

2580C 

10 

HAT 

MAGNITUDE  OF  APERTURE  COUPLED  FIELD 

2600C 

11 

TA1 

TIME  TO  PEAK 

2620C 

2640C 

12 

TA2 

DECAY  TIME 

2660C 

2680C 

13 

J1 

INITIAL  MAGNITUDE  OF  DIFFUSION  COUPLED 
ELECTRIC  FIELD  ALONG  INNER  SURFACE 

2700C 

14 

T 1 

PULSE  PENETRATION  TIME  CONSTANT 

2720C 

15 

J2 

FINAL  MAGNITUDE  OF  ELECTRIC  FIELD 

2740C 

2760C 

u 

T2 

REDISTRIBUTION  TIME  CONSTANT 

Figure  7.1  (Continued)  Program  CHANGER  (Continued) 
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2780C 

17 

HDT 

MAGNITUDE  OF  DIFFUSION  COUPLED  FIELD 

2800C 

18 

TD1 

TIME  TO  PEAK 

2820C 

19 

TD2 

TIME 

2840C 

2860C 

20 

FI 

FIRST  BREAK  FREQUENCY 

2880C 

21 

A1 

AMPLITUDE  AT  FI 

2900C 

22 

F2 

SECOND  BREAK  FREQUENCY 

2920C 

23 

A2 

AMPLITUDE  AT  F2 

2940C 

24 

F3 

THIRD  BREAK  FREQUENCY 

29&0C 

25 

A3 

AMPLITUDE  AT  F3 

2980C 

3000C 

3020C  THIS  IS  AN  INTERACTIVE  PROGRAM  TO  BE  USED  AT  TELETYPE  TERMINAL 
3040C  WHEN  THE  PROGRAM  RUNS  IT  WILL  ASK  QUESTIONS  AND  THE  USER  WILL  REPLY 
30&0C 

3080C  THE  PROGRAM  WILL  FIRST  ASK  WHETHER  THE  USER  WANTS  TO  CHANGE 

3100C  DATA.  SORT  DAT  A . LIST  DATA  OR  STOP.  THE  USER  MAKES  HIS  REPLY 

3120C 
3140C 

3160C  IF  THE  REPLY  IS  "CHANGE".  THE  PROGRAM  WILL  ASK  FOR  THE  ROW  IN 
3180C  WHICH  THE  CHANGES  ARE  TO  BE  MADE.  THE  USER  TYPES  THE  ROW  NUMBER. 

3200C  THE  PROGRAM  WILL  THEN  AST  FOR  THE  NAME  OF  THE  VARIABLE  TO  BE 

3220C  CHANGED  AND  FOR  THE  NEW  VALUE  OF  THAT  VARIABLE.  THIS  PROCESS 

3240C  CONTINUES  UNTIL  THE  USER  REPLYS  "DONE". 

3260C  THE  PROGRAM  THEN  ASKS  FOR  ANOTHER  ROW  NUMBER  AND  THE  PROCESS 
3280C  CONTINUES  UNTIL  THE  USER  REPLIES  WITH  "-1"  TO  THE  REQUEST 
3300C  FOR  ROW  NUMBER. 

3320C 

3340C  IF  THE  REPLY  TO  THE  INITIAL  REQUEST  IS  "SORT".  THE  PROGRAM 

3360C  WILL  ASK  FOR  THE  ROWS  WITH  WHICH  TO  START  AND  STOP. 

3380C  THE  USER  MUST  THEN  TYPE  IN  THE  THREE  PRIORITIES  BY  WHICH  THE 

3400C  DATA  IS  TO  BE  SORTED.  THESE  MAY  BE: 

3420C 

3440C  X.Y.Z 

3460C  X.Z.Y 

3480C  Y.X.Z 

3500C  Y.Z.X 

3520C  Z.X.Y 

3540C  Z.Y.X 

3560C  IF  THE  REPLY  TO  THE  INITIAL  REQUEST  IS  "LIST".  THE  PROGRAM 
3580C  WILL  ASK  FOR  THE  ROW  NUMBERS  WITH  WHICH  TO  START  AND  STOP. 

3600C 

3620C  IF  THE  REPLY  IS  "STOP".  THE  PROGRAM  JUST  STOPS. 

3&40C 

3660C 

3680C - 


Figure  7.1  (Continued)  Program  CHANGER  (Continued) 
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AD-A062  60b  GENERAL  ELECTRIC  CORPORATE  RESEARCH  AND  DEVELOPMENT  —ETC  F/S  1/3 

ANALYSIS  AND  CALCULATIONS  OF  LIGHTNING  INTERACTIONS  WITH  AIRCRA— ETC (U> 
AUG  78  F A FISHER  F33615-76-C-3122 

UNCLASSIFIED  SRD-78-044  AFFDL-TR-78-106  NL 


.EQ.  CMMND ) GO  TO  158 


3700C 

3720C 

3740  DIMENSION  ALPHA (50,25) , BETA (50) ,B(25) , TEMP (50,25) » VALUE (25) 

3760  CHARACTER  A#5(26) *C0MMAND+6 (4) »CMMND»C*5 (26) ,S0RT*4(3) ,S0RTS*4<3> 
3780  INTEGER  ROW1,ROU2 

3800  DATA  A/"POINT" » "XP" » " YP" , "ZP" » "Z" , "FMAX" , "HRT" » 

38208.  "TRl" , "TR2" » "HAT"  » "TA1 " » "TA2" , " J1 " » "T 1" » " J2" , "T2" » 

38408.  ,,HDT“ » "TDl  " , "TD2" , "FI"  , "A1 " » "F2"  » "A2"  » MF3" » "AS"  » '‘DONE'1/ 

3860  CALL  ATTACH (01 »"/MAP5 " »3» 1 » ISTAT» ) 

3880  DATA  COMMAND/,,CHANGE,, » "SORT"  » "L  1ST"  » "STOP"/ 

3900  DATA  SORT/"XM  » "Y" » "Z"/ 

3920  CALL  RANSIZ (01 »25) 

3940  151  WRITE (06»5) 

3960  5 FORMAT (/4X»"DO  YOU  WANT  TO  CHANGE, SORTrLIST  DATA  OR  STOP?") 

3980  READ (05 , 7 ) CMMND 
4000  7 FORMAT (V) 

4020  DO  8 JX= 1 i 4 
4040  IF  (COMMAND (JX) 

4060C 
4080C 

4100  GO  TO  8 
4120C 
4140C 
4160C 
4180C 

4200  158  GOTO 
4220C 

4240  8 CONTINUE 
4260C 

4280  160  CONTINUE 
4300C 

4320C  YOU  WIND  UP  HERE 
4340  WRITE (06, 20) 

4360  20  FORMAT(/,4X, "CHANGES  TO  BE  MADE 
4380  READ(05,30)  I 
4400  30  FORMAT (V) 

4420C 

4440  IF (I  .EQ.  -1)  GO  TO  999 
4460  IF ( I .EQ.  0)  GO  TO  997 
4480C 

4500  READ (01 ’ I ) B 
4520  WRITE (06,40) 

4540  40  F0RMAT(/,4X, "NAMES  OF  VARIABLES 
4560  WRITE (06,41 ) 

4580  41  FORMAT (4X," INTO  MAP. ONE  PAIR  AT 
4600C 

4620  DO  50  J=l,26 


(160,410,410,999) , JX 


IF  YOU  WANT  TO  CHANGE  A ROW 

IN  WHICH  ROW?") 


AND  ASSOCIATED  VALUES  TO  GO") 
A TIME") 


Figure  7.1  (Continued)  Program  CHANGER  (Continued) 
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4640C 

4660  IF (C  (J) . EQ. A (26) (GOTO  70 
4680C 

4700  READ(05*60)  C< J) * VALUE(J) 

4720  60  FORMAT (V) 

4740C 

4760  IF (C ( J) .EQ . A (26) ) GOTO  70 
4780C 

4800  50  CONTINUE 
4820  70  CONTINUE 
4840C 

4860  DO  80  K=l*22 
4880  DO  90  L=1 *22 
4900C 

4920  IF (C(J) . EQ. A(26) ) GOTO  85 
4940C 

4960  IF (C (K)  .EQ.  A(L)>  GO  TO  10 
4980C 

5000  90  CONTINUE 

5020  10  WRITE (06* 1 10)  A(L) > B ( L ) * A (L> f VALUE (K) 

5040  110  FORMAT (4X ."OLD  " * A5  * " = " * 1E10 . 3*4X  * "NEW  " , A5» "=" * 1E10 . 3) 

5060  B (L) =VALUE (K) 

saoar 

5100  80  CONTINUE 
5120C 

5140  85  CONTINUE 
5160  WRITE  (01*1)  B 
5180C 

5200  GO  TO  160 
5220C 

5240  410  CONTINUE 

5260C  YOU  WIND  UP  HERE  IF  YOU  WANT  TO  SORT  OUT  THE  LOCATIONS 

5280C  OR  IF  YOU  WANT  TO  LIST  THE  DATA 

5300C 

5320  WRITE (06 1 22) 

5340  22  FORMAT ( / * 4X »"WHAT  ARE  START  AND  STOP  ROW  NUMBERS?") 

5360  READ(05*210>  ROW1.ROW2 
5380  210  FORMAT (V) 

5400C 

5420C 

5440  GOTO  <211 *500) *JX-1 

5460C 

5480C 

5500  211  WRITE (06*220) 

5520  220  FORMAT (/.4X* "WHAT  ARE  THE  PRIORITIES  ON  WHICH  DATA  IS  TO  BE  SORTED?") 
5540  READ (05 *230)  SORTS 
5560  230  FORMAT (3A4) 

5580C 


Figure  7.1  (Continued)  Program  CHANGER  (Continued) 
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5600  500  DO  250  J=R0W1 »ROW2 

5620  READ (01 ’ J)  (ALPHA(J.K) . K=1 .22) 

5640  250  CONTINUE 

5660C 

5680C 

5700  GOTO  (251.510) »JX-1 

5720C 

5740C 

5760  251  DO  260  L=1.3 
5780C 

5800  DO  270  M = 1 » 3 

5820  IF (SORT (M)  .EQ.  SORTS(L))  GO  TO  280 
5840C 

5860  270  CONTINUE 
5880C 

5900  280  CONTINUE 
5920  DO  290  N-ROW1.ROU2 

5940  IF (ALPHA (N.M+1 ) .GE.  ALPHA (N+l .M+l ) ) GO  TO  300 
5960C 

5980  DO  310  NDX=1»25 

6000  TEMP(N.NDX) = ALPHA (N+l »NDX) 

6020  310  CONTINUE 
6040C 

6060  GO  TO  315 
6080C 

6100  300  DO  320  NDX  = 1 . 25 
6120  TEMP (N . NDX ) = ALPHA (N.NDX) 

6140  320  CONTINUE 
6160C 

6180  315  CONTINUE 
6200  290  CONTINUE 
6220  260  CONTINUE 
6240C 

6260  DO  330  1 1 = ROW 1 »ROW2 

6280  DO  340  I J= 1 .25 

6300  ALPHA ( 1 1 . 1 J) =TEMP ( 1 1 . 1 J) 

6320  340  CONTINUE 
6340  330  CONTINUE 
6360C 

6380  DO  350  IKSR0W1  .ROU2 

6400  WRITE (01 ’ IK)  (ALPHA (IK.IL) . IL  = 1 » 25) 

6420  350  CONTINUE 


Figure  7.1  (Continued)  Program  CHANGER  (Continued) 
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6440C 

6460  GOTO  355 
6480C 

6500  530  FORMAT ( / » 7X  » A5 » 4 ( 7X  » A5) ) 

6520  532  FORMAT (/»2XfA5»6(7XtA5)) 

6540  510  CONTINUE 

6560  WRITE (06»530)  A ( 1 ) , A (2) t A (3) . A (4) 

6580  WRITE <06f30> 

6600  DO  600  1 1 -ROW1 r R0W2 

6620  WRITE (06*550)  ALPHA (11*1)* ALPHA (11*2) »ALPHA(II*3> *ALPHA(II»4> 
6640  600  CONTINUE 
6660  WRITE (06*30) 

6680  WRITE (06»30) 

6700  WRITE (06*530)  A ( 1 ) » A ( 5) * A <6 ) 

6720  WRITE ( 06  * 30) 

6740  DO  610  1 1 =ROWl iR0W2 

6760  WRITE (06  * 550)  ALPHA ( 1 1 , 1 ) * ALPHA ( 1 1 ,5) , ALPHA ( 1 1 1 6) 

6780  610  CONTINUE 
6800  WRITE (06*30) 

6820  WRITE (06  * 30) 

6840  WRITE (06*530)  A ( 1 ) * A (7) » A (8) * A (9) 

6860  WRITE <06' 30) 

6880  DO  620  1 1 =R0W1 *ROW2 

6900  WRITE (06*550)  ALPHA ( 1 1 * 1 ) * ALPHA ( 1 1 *7) . ALPHA ( 1 1 * 8) »ALPHA(II*9) 
6920  620  CONTINUE 
6940  WRITE (06  * 30) 

6960  WRITE (06*30) 

6980  WRITE (06*530)  A ( 1 ) * A ( 10) >A ( 1 1 ) .A ( 12) 

7000  WRITE  <06r30) 


7020  DO  630  1 1 ~ROW 1 »ROW2 

7040  WRITE (06 >550)  ALPHA(II»1) » ALPHA ( 1 1 » 10) » ALPHA ( 1 1 » 1 1 ) » ALPHA ( 1 1 * 12) 
7060  630  CONTINUE 
7080  HR  I TE ( 06  » 30 ) 

7100  WRITE (06>  30) 

7120  WRITE (06.530) A(l) rA<13) r A ( 14 ) »A(15) > A ( 16 > 

7140  WRITE (06f  30) 

7160  DO  640  1 1 =ROWl *ROW2 

7180  WRITE (06 1 550)  ALPHA ( 1 1 1 1 ) » ALPHA ( 1 1 » 13) .ALPHA ( 1 1 * 14) » 

7200&  ALPHA ( 1 1 > 15) t ALPHA ( 1 1 » 16) 

7220  640  CONTINUE 


7240  WRITE (06*30) 


7260  WR ITE (06 » 30) 


Figure  7.1  (Continued)  Program  CHANGER  (Continued) 
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7280  WRITE (06*530)  A ( 1 ) , A ( 17) , A ( 18) , A ( 19) 

7300  WRITE (06*30) 

7320  DO  65(3  II=R0W1,R0W2 

7340  WRITE (06 *550)  ALPHA < 1 1 r 1 ) » ALPHA ( 1 1 , 17) » ALPHA ( 1 1 » 18) » ALPHA ( 1 1 , 19) 
7360  650  CONTINUE 
7380  WRITE  (06,3(3) 

7400  WRITE (06i30) 

7420  WRITE (06 >530)  A ( 1 ) , A (20) »A (21 ) , A (22) , A (23) 

7440  WRITE  (06.30) 

7460  DO  66(3  II=R0W1,R0W2 

7480  WRITE (06.550)  ALPHA(II.l) » ALPHA ( 1 1 .20) . ALPHA ( 1 1 . 21 ) . ALPHA ( 1 1 . 22) . 
75008)  ALPHA  (11.23) 

7520  660  CONTINUE 
7540  WRITE (06. 30) 

7560  WRITE (06.30) 

7580  WRITE (06.530)  A ( 1 ) . A (24) .A (25) 

7600  WRI TE ( 06 . 30) 

7620  DO  67(3  II=ROWl,ROW2 

7640  WRITE  (06.550)  ALPHA ( 1 1 . 1 ). ALPHA ( 1 1 . 24) .ALPHA ( 1 1 ,25) 

7660  670  CONTINUE 

7680  550  FORMAT (2X,1E10.3»4(2X,1E10.3) ) 

7700  560  FORMAT (4X,I6,6(2X»1E10.3)) 

7720  540  CONTINUE 
7740  520  CONTINUE 
7760C 

7780  355  GOTO  151 
7800C 

7820  997  WRITE (06,998) 

7840  998  FORMAT(/,4X, "ILLEGAL  ROW  NUMBER ! --ZERO  NOT  ALLOWED!") 

7860C 

7880  GO  TO  151 
7900C 

7920  999  CONTINUE 

7940C  YOU  WIND  UP  HERE  IF  YOU  WANT  TO  STOP 
7960  STOPJEND 


Figure  7.1  (Conclusion)  Program  CHANGER  (Conclusion) 


370 


The  following  data  would  describe  the  magnetic  field 
in  the  time  domain.  For  designation  of  quantities 
refer  to  Figure  7.2. 


HRT  The  total  amplitude  of  the  reradiated  component  of 
magnetic  field.  Since  neither  this  report  nor  any 
other  seems  to  offer  any  guidance  as  to  how  this 
quantity  can  be  calculated,  this  quantity  primarily 
reserves  a space  for  the  entry  of  experimentally 
determined  data,  if  available. 

TR1  The  time  to  crest  of  the  reradiated  component  of 
magnetic  field. 

TR2  The  decay  time  of  the  reradiated  component. 


HRT 


HAT 


Figure  7.2  Quantities  Describing,  in  the  Time 
Domain,  the  Magnetic  Field 

(a)  The  reradiation  field  component 

(b)  The  aperture  coupled  field 
component 

(c)  The  diffusion  coupled  field 
component 
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HAT 


The  total  amplitude  of  the  aperture-coupled  magnetic 
field.  Aperture-coupled  fields  can  be  determined 
with  the  aid  of,  among  other  tools,  the  program  APERTURE. 

TA1  The  time  to  crest  of  the  aperture-coupled  field. 

TA2  The  decay  time  of  the  aperture-coupled  field. 

J1  The  initial  magnitude  of  the  diffusion-coupled  elec- 

tric field  on  the  interior  surface  of  the  structure. 

As  explained  in  Section  4,  this  quantity  also  defines 
the  magnitude  of  the  derivative  of  the  diffusion- 
coupled  magnetic  field,  and  so  defines  the  voltages 
induced  by  the  diffusion-coupled  field. 

T1  The  pulse  penetration  time  constant.  This  quantity, 

calculable  by  Equation  4.37,  defines  the  way  that  the 
derivative  of  the  diffusion-coupled  magnetic  field 
builds  to  its  peak  value. 

J2  The  final  magnitude  of  the  diffusion-coupled  electric 

field. 

T2  The  redistribution  time  constant.  This  quantity, 

calculable  by  Equation  4.39,  defines  the  way  that 
the  magnetic  field,  not  its  derivative,  builds  to 
its  final  value. 

HDT  The  magnitude  of  the  dif fusion-coupled  magnetic  field. 

TD1  The  time  for  the  diffusion-coupled  magnetic  field  to 

reach  crest. 

TD2  The  decay  time  of  the  diffusion-coupled  magnetic  field. 

The  following  data  describes  the  magnetic  fields  in 
the  frequency  domain.  For  definition  of  quantities, 
see  Figure  7.3. 

FI  The  first  break  frequency. 

A1  The  spectral  density  at  FI.  The  spectral  density  is 

assumed  to  be  constant  down  to  zero  frequency. 

F2  The  second  break  frequency. 

A2  The  spectral  density  at  F2.  The  amplitude  of  the 

spectral  density  would  be  assumed  to  vary  linearly 
according  to  the  logarithm  of  the  frequency  between 
FI  and  F2. 
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Frequency  (log  scale) 

Figure  7.3  Quantities  That  Define,  in  the 
Frequency  Domain,  the  Magnetic 
Field 

F3  The  third  break  frequency. 

A3  The  spectral  density  at  F3.  The  amplitude  of  the 

spectral  density  would  be  assumed  to  vary  uniformly 
with  the  logarithm  of  frequency  between  F2  and  F3. 

Above  F3,  the  amplitude  of  the  spectral  density  would 
be  assumed  to  fail  at  the  rate  of  40  db/decade  from 
its  value  at  F3. 

At  this  stage,  it  is  appropriate  to  say  that  these  quantities 
are  put  forward  as  suggestions  for  the  quantities  that  define  the 
magnetic  field.  Some  unanswered  questions  are  as  follows: 

1.  Can  the  magnetic  field  be  characterized  adequately,  in 
the  time  domain,  as  the  sum  of  three  independently 
determined  terms? 

2.  Should  the  various  terms  be  treated  as  triangular  waves 
or  as  double  exponential  waves?  Triangular  waves  are 
easier  to  treat  by  hand  analysis,  but  exponential  terms 
are  more  nearly  representative  of  the  physical  response. 
Given  the  limitations  of  lightning  compatibility  theory, 
perhaps  one  cannot  really  distinguish  the  difference  in 
the  two  representations. 

3.  In  the  frequency  domain,  can  the  total  environment  be 
specified  adequately  by  three  break  points? 
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4. 


Should  the  frequency-domain  data  be  treated  as  the  best 
simple  approximation  to  the  true  waveforms  produced  by 
lightning,  or  should  it  be  treated  as  the  best  approxi- 
mation to  the  Fourier  transform  of  the  three-term  time- 
domain  response  discussed  in  1.  and  2.  above? 

5.  Should  this  type  of  data  file  also  include  space  for  a 
representation  of  the  electric  field  within  the  aircraft? 
It  would  be  relatively  simple  to  provide  space  for  data 
describing  the  electric  field  response,  but  there  have 
not  yet  been  any  experimental  programs  to  try  to  develop 
an  understanding  of  electrical  field  phenomena,  and, 
accordingly,  there  is  no  well-developed  theory  by  which 
the  electric  field  response  can  be  determined. 

6.  How  many  points  are  necessary  to  give  an  accurate  repre- 
sentation of  the  electromagnetic  field  within  an  air- 
craft? Clearly  the  field  will  be  different  at  different 
points,  and  clearly  the  field  cannot  be  defined  at  all 
points  within  the  aircraft.  Perhaps  the  number  of  points 
to  consider  is  in  the  range  20  - 50. 

The  question  of  just  how  the  data  stored  in  such  a map  would 
be  used  is  not  addressed  here.  If  an  analysis  is  to  be  performed 
with  the  aid  of  IEMCAP,  the  relevant  quantities  to  be  used  would 
be  the  frequency  domain  data  at  the  point  or  points  nearest  the 
equipment  or  wiring  under  analysis.  CHANGER  provides  the  capa- 
bility of  organizing  the  points  at  which  the  data  is  presented 
in  order,  according  to  the  X,  Y and  Z coordinates  of  the  point. 

It  does  not  provide  a way  of  checking  to  see  if  a certain  physical 
location  in  the  aircraft  has  been  characterized  by  more  than  one 
set  of  data,  perhaps  at  coordinates  that  are  very  close  to  each 
other,  but  not  identical.  Neither  does  it  provide  the  capability 
of  selecting  the  set  of  data  that  is  closest  to  a particular  point 
at  which  the  user  (including  another  computer  program  in  the 
definition  of  user)  may  wish  to  make  an  analysis.  The  user  would 
have  to  provide  his  own  routines  for  searching  out  and  reading 
the  appropriate  data  from  the  file. 

The  IEMCAP  routines  use  the  electric-field  intensity  as  the 
quantity  with  which  analyses  are  made.  Analyses  of  the  response 
of  an  aircraft  structure  to  lightning  seem  to  be  made  more 
naturally  in  terms  of  the  magnetic  field  intensity.  For  an 
analysis  using  IEMCAP,  one  would  determine,  through  the  use  of 
the  impedance  at  the  point  in  question,  the  electric-field  inten- 
sity that  corresponds  to  the  magnetic-field  intensity.  The  pro- 
grams presented  in  this  report  do  not  provide  the  capability  for 
making  such  transformations  under  machine  control. 

Since  this  section  of  the  report  is  concerned  more  with  con- 
cepts than  with  working  computer  programs,  it  should  be  noted  that 
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the  slots  used  for  storage  of  magnetic-field  data  in  the  frequency 
domain  could  also  be  used  for  storage  of  the  equivalent  informa- 
tion after  it  was  converted  to  the  equivalent  electric-field 
intensity. 

If  analysis  is  not  to  be  done  using  the  IEMCAP  routines, 
references  7.4  and  7.5  present  methods  for  determining  open- 
circuit  voltages  and  short-circuit  currents  on  cables  from  the 
magnetic-field  data  stored  in  the  map  of  magnetic  fields.  More 
elaborate  methods  of  treating  the  interactions  were,  of  course, 
given  in  Section  3. 
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SECTION  VIII 

CONCLUSIONS  AND  RECOMMENDATIONS 


This  section  summarizes  several  points  made  earlier  and 
expanded  upon  in  Section  2.  It  also  includes  recommendations 
for  future  research  into  better  lightning  compatibility. 

The  state  of  knowledge  about  lightning  interactions  is  still 
such  that  it  would  be  better  described  as  an  art  than  as  a science. 
There  is  much  about  the  art  that  is  still  imperfectly  understood. 

The  art  is  sufficiently  complex  that  it  does  not  yet  seem  possible 
to  summarize  that  art  in  a "Lightning  Transient  Analysis  Computer 
Program"  that  is  both  self-contained  and  capable  of  being  used 
productively  by  non-specialists. 

This  report  is  based  on  the  premise  that  it  is  possible  to 
determine  the  electromagnetic  field  within  an  aircraft,  and  then, 
from  knowledge  about  that  field,  to  estimate,  roughly  at  least, 
the  currents  and  voltages  induced  on  simple  wiring  structures. 

The  phrase  "simple  wiring  structures"  needs  to  be  emphasized. 

It  is  not  now  possible,  nor  is  it  likely  to  be  possible  in  the 
forseeable  future,  to  calculate  the  actual  induced  voltages  on 
all  circuits  of  an  actual  aircraft. 

The  task  of  determining  those  electromagnetic  fields  is 
sufficiently  complex  and  time  consuming  that  it  should  be  done 
by  specialists,  should  be  done  as  a well-defined  engineering  task, 
and  should  be  done  early  in  the  design  phase  of  a particular  air- 
craft. The  person  determining  those  fields  should  call  upon  any 
tools  that  are  appropriate.  There  is  room  for  a mixture  of 
analytical  and  experimental  effort.  There  is  even  a place  for 
well-informed  guesswork.  Determining  those  fields  does  not  seem 
to  be  a task  for  non-specialists. 

Determining  those  fields  internal  to  the  aircraft  involves 
first  determining  the  field  intensities  external  to  the  aircraft. 

For  magnetic  fields,  this  is  equivalent  to  determining  the  external- 
current  density.  The  present  report  provides  one  tool,  DIFFMAG, 
to  aid  in  the  determination  of  that  current  density.  A variety 
of  other  tools  are  available,  both  analytical  and  experimental. 

A task  that  might  profitably  be  sponsored  would  be  to  explain 
the  various  techniques  in  "how-to-do-it " style.  Possibly  a 
seminar  or  short  course  would  be  appropriate. 

The  dominant  modes  of  coupling  of  magnetic  fields  into  the 
interior  of  an  aircraft  are  through  apertures  and  by  diffusion 
through  the  structural  skin  of  the  aircraft.  The  most  important 
mode  of  coupling  is  through  apertures.  Aperture  coupling  has  been 
extensively  studied,  and  a well -developed  theory  exists.  One  place 
where  the  state  of  knowledge  is  deficient  is  in  how  to  treat 
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poorly  defined  apertures.  Most  real  apertures  in  an  aircraft 
are  poorly  defined,  an  example  being  the  seams  around  doors  or 
covers  to  the  compartments  where  electronic  equipment  is  apt 
to  be  located  on  aircraft.  A program  aimed  at  providing  engin- 
eering guidance  for  treating  poorly  defined  apertures  might  be 
profitably  undertaken. 

Virtually  nothing  is  known  about  the  electric-field  inten- 
sity that  might  exist  at  the  surface  of  an  aircraft  when  the 
aircraft  is  struck  by  lightning.  That  electric  field  is  probably 
a highly  non-linear  function  of  the  lightning  current  or  of  the 
charge  contained  in  the  leader  of  the  lightning  channel.  This 
report  provides  some  speculation  as  to  what  that  electric  field 
might  be,  but  is  only  speculation.  Experimental  studies  using 
high  voltages,  possibly  on  scale  models  of  aircraft,  might  pro- 
vide useful  guidance  for  the  working  engineer  and  help  clarify 
the  importance  of  electric  fields  vis-a-vis  magnetic  fields. 

Aperture  coupling  provides  magnetic  fields  having  basically 
the  same  waveshape  as  the  external  magnetic  field.  Diffusion 
coupling  provides  magnetic  fields  having  rise  and  fall  times 
much  slower  than  the  external  fields.  Magnetic  fields  having 
faster  rise  and  fall  times  than  the  external  fields  also  exist 
in  the  aircraft.  Frequently,  these  fields  are  oscillatory  in 
nature.  In  this  report,  we  suggest  the  designation  reradiated 
fields , since  they  seem  to  be  produced  by  the  flow  of  current  on 
wiring  harnesses  and  structural  members.  The  character  and  reason 
for  existence  of  such  fields  has  never  been  studied,  nor  are 
there  any  methods  by  which  the  magnitude  and  time  historv  of 
such  fields  may  be  calculated.  Research  into  the  nature  of  such 
fields  might  profitably  be  made. 

This  report  provides  a discussion,  supported  by  much  detailed 
explanation,  on  how  one  can  use  a network-analysis  program  like 
ECAP  to  calculate  the  response  of  a distributed  wiring  harness 
to  the  internal  electromagnetic  fields.  This  report  discusses 
what  can  and  cannot  be  done,  and  gives  a good  illustration  of 
the  magnitude  of  the  task  if  a detailed  analysis  is  to  be  done. 

When  this  program  was  undertaken,  there  was  an  expectation 
that  the  computer  routines  to  be  developed  could  be  incorporated 
into  the  IEMCAP  program.  During  the  conduct  of  this  study,  it 
became  apparent  that  the  state  of  the  art  does  not  yet  permit 
this  to  be  done.  Any  "Lightning"  routines  that  could  be  put  into 
IEMCAP  at  this  time  would  have  to  make  such  brutal  compromises 
with  physical  reality  that  they  would  be  of  dubious  worth.  They 
certainly  would  not  give  answers  from  which  one  could  make  a yes/ 
no  decision  on  whether  any  particular  piece  of  equipment  would 
survive  the  effects  of  lightning. 

In  this  report,  we  do  present  an  outline  of  an  approach  on 
how  the  electromagnetic  field  environment  may  be  described  in  a 
data  file  that  may  be  used  in  future  generations  of  lightning 
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interaction  programs.  One  part  of  this  approach  provides,  in  the 
frequency  domain,  data  on  the  electromagnetic  fields  at  selected 
points.  Such  data  are  what  would  be  used  by  IEMCAP.  We  also 
present  a computer  program  by  which  a user  can,  in  an  interactive 
mode  of  operation,  put  data  into  such  a file.  This  program  allows 
one  to  incorporate  experimentally-determined  data  into  a file 
usable  by  machine  computation  routines.  The  material  we  present 
here  is  still  in  a rather  embryonic  state  of  development.  It  has 
not  yet  been  used  in  a machine-oriented  effort  to  try  to  determine 
whether  an  aircraft  electronic  system  would  or  would  not  have 
lightning  compatibility. 

This  report  discusses  the  degree  to  which  experimental 
measurements  of  diffusion  phenomena  agree  with  analytical  pre- 
dictions. It  also  emphasizes  the  point  that  close  agreement 
between  currents  or  voltages  predicted  by  theory  and  currents, 
or  voltages  measured  on  an  actual  aircraft  would  be  largely 
fortuituous.  One  of  the  things  sorely  lacking  in  the  lightning 
interaction  art  is  a set  of  measurements  of  the  response  of  a 
well-defined  aircraft-like  structure  to  simulated  lightning. 
Virtually  all  measurements  on  aircraft  have  been  performed  with 
the  Lightning  Transient  Analysis  (LTA)  technique  and  have  mostly 
been  concerned  with  determining  whether  or  not  a given  aircraft 
is  reasonably  protected  against  lightning.  In  all  such  programs, 
the  collection  of  data  on  simplified,  well-defined  circuits  has 
been  of  secondary  importance.  Some  organizations  have  made 
measurements  on  simplified  structures,  but  those  measurements 
have  practically  never  been  either  attempted  or  confirmed  by  a 
different  organization  or  researcher.  As  a result,  there  is 
little  commonality  of  test  data  in  the  various  organizations. 

A research  program  that  might  profitably  be  undertaken  would 
be  to  define  a reasonably  simple  test  structure,  or  set  of  struc- 
tures, upon  which  different  organizations  could  make  similar 
tests,  and  with  which  theoretical  predictions  could  be  checked 
against  experimental  measurements. 
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